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GENERAL INTRODUCTION 
Future infrared transmitting windows and domes are expected to perform under harsh 
atmospheric environments. The primary function of these components is to protect the sensing 
devices aboard the high speed aircraft from the environment. To serve this purpose, the 
window material is required to be transparent to the IR region of the spectrum, strong, tough, 
and have high thermal shock resistance. Two factors are considered responsible for 
determining the range of transparency. The short wavelength cutoff, , is set by the band 
gap. Eg, and thus is called the optical absorption edge. The relationship between and Eg is 
given by' 
where h is Planck's constant and c is the velocity of light. The long wavelength cutoff of 
semiconductors and insulators are determined by lattice vibrations thus is called the phonon 
edge or the vibrational edge. A mathematical representation of the fundamental absorption 
frequency of a real material is too complicated and beyond the scope of this dissertation. 
However, the absorption fi-equency can be calculated for a linear diatomic molecule^ by 
=  Ac/Eg (1) 
(2) 
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where C is the force constant and m is the atomic mass. This relationship indicates that a 
material with a weaker bonding, i.e. smaller C, and a larger reduced mass will result in a small 
absorption frequency and hence the long wavelength cutoff will extend further into the far 
infrared. 
The IR window and dome materials are divided into two groups based mainly on the 
wavelength range of interest. The 3-5 |im transmitting materials are mainly used to protect the 
detectors of IR-guided missiles. The 8-12 |im transmitting windows and domes are primarily 
employed in high speed thermal imaging systems. A variety of strong oxide ceramics such as 
magnesium aluminate spinel, yttria, aluminum oxynitride, sapphire, and fluoride glasses are 
infrared transparent in the 3-5 |im regime.' However, only a limited number of materials are 
known to show a tolerable combination of thermomechanical properties and transparency in 
the 8-12 |im region."* This is because the weak chemical bonding in these materials which 
allows the long wavelenth tranparency, in turn, results in poor mechanical strength as 
expressed earlier. Zinc sulfide is currently being used as a compromise material for 8-12 ^m 
transmitting window and dome applications. 
The optical ceramic components are produced in many ways. Single ciystalline parts 
can be fabricated by cutting ingots grown from melt. However, it is very expensive and 
difficult to grow large single crystals of ceramics. Therefore, they are inadequate for bulk 
window and dome applicaions. Most of the commercial ZnS windows are CVD grown using 
zinc vapor and HjS gas.^ Although these windows exhibit excellent optical properties, 
nonuniform microstructures and large grain sizes (2-60 |im) result in poor mechanical 
3 
properties. For example, Knoop hardness values ranging from 160 to 250 kg/mm" were 
reported.®'Fully dense, fine grained, and microstucturally uniform polycrystalline ceramics, 
on the other hand, may yield an optimum combination of optical and mechanical properties. It 
is well known that the random packing of particles with a wide size distribution resuhs in 
higer densities in green compacts than that of monodisperse particles. However, it is believed 
that monosize particles will result in a more uniform microstructure after densification. 
Celikkaya and Akinc demonstrated this by hot pressing spherical, submicron, monodisperse 
ZnS powders that were homogeneously precipitated using thermal decomposition of 
thioacetamide.®'Mechanical properties of ZnS can be further improved by incorporating 
reinforcing phases. Solid solution strengthening of ZnS by Ga2S3 was demonstrated by Zhang 
et Significant improvement in fracture toughness can also be achieved by imbedding 
submicrometer size diamond particles in the matrix of ZnS. 
Table I presents a summary of physical properties of some existing 8-12 |im 
transmitting ceramic materials.' ' " " The main goal of this study was to improve the 
mechanical properties of ZnS. It involved the preparation, processing, and characterization of 
ZnS/GaP composite materials. Gallium phosphide was chosen because it has higher hardness 
and strength than ZnS. It also has better thermal shock resistance due to low thermal 
expansion and high thermal conductivity. In addition, GaP has the same crystal structure as 
ZnS. 
Traditional composite processing is mainly based on either mechanical mixing or 
precipitation of a secondary phase from a melt. It is, however, very difficult to control the size 
Table I. Summary of properties of some existing 8-12 (im transmiting materials 
ZhS"" ZnS® ZnS'^ GaAs GaP Ge 
Density 4.08 
(g/cm^; 23°C) 
Hardness (load) 2.3 (100 g) 
(GPa; 23°C) 
Young's Modulus 74.5° 
(GPa; 23''C) 
4.09 4.04 
1.6 (100 g) 2.6 (200-1000g) 
87.6 90^ 
5.32 4.13 5.32 
6.7 8.3 8.3 
85.50° 102.60° 130.10° 
55 103 93 
0.43° 0.80° 0.66° 
5.30/5.80 6.00 
0.97 0.60 
Flexural strength 97 
(MPa; 23''C) 
Fracture toughness 1.00° 
(MPa-m"'; 23°C) 
Thermal expansion 6.80/7.70 
(ppm/K; 23T/200°C) 
Thermal conductivity 0.17 
(W/cm-K; 23°C) 
0. 
6.5 - 5.73/6.36 
0.27 - 0.53 
Melting temperature 1830 
CC) 
1238 1467 937 
Band gap 
(eV; 23°C) 
3.58 1.43 2.24 0.67 
transmittance at 200°C yes yes yes no 
crystal structure Zincblende Zincblende Zincblende Zincblende Zincblende Zincblende 
The data compiled in this table are largely from reference 13 along with references 6 and 11. The properties of GaP and 
GaAs apply to the large bulk crystals grown by Texas Instruments except for fracture toughness values which were taken from 
single crystals." The source for Ge was not specified. 
A. Commercial CVD grown ZnS window (Raytran standard grade)® 
B. Commercial CVD grown ZnS window (Raytran multispectral grade)® 
C. Hot pressed ZnS (134 MPa, 850°C)" 
D. Data taken in the 100 plane 
E. Measured using nanoindenter" 
F. Indentation method 
G. Data estimated from modulus of rupture 
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and the distribution of the secondary phase within the matrix. Uniform and uhrafine 
microstructures in composite materials can be achieved by controlling the chemistry and 
morphology of the constituents. This work was inspired by the realization that many beneficial 
changes in the material properties can be achieved by progressively reducing the scale of the 
microstructure (<100 nm)."* Novel composite processing routes which heavily relied on 
chemistiy were designed and adopted instead of the traditional "mix and fire" approach to 
afford uniform and fine microstructure in the final densified ceramic components. 
Explanation of Disseratation Organization 
This dissertation consists of three separate manuscripts prepared for publication.They 
are organized in the chronological order they were written. The first paper, "Synthesis and 
Characterization of Zinc Sulfide/Gallium Phosphide Nano-Composite Powders", is in press for 
publication in the Journal of the American Ceramic Society. The second and third papers, 
"Zinc sulfide/gallium phosphide composites by chemical vapor transport", and "Fabrication and 
Characterization of Hot Isostatically Pressed ZnS/GaP Nano-Composite Ceramics", were 
submitted to the same journal. A portion of the first and the third papers were presented at the 
122nd TMS Annual Meeting and at the 96th American Ceramic Society Annual Meeting, 
respectively. Following the third paper is a general conclusion chapter followed by the 
references cited outside the papers. There are two appendices included for completeness of 
the dissertation work carried out by the author. Appendix A is the article entitled 
"Microstructural Development in Nano-Crystalline Zinc Sulfide Powders" which has been 
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published in Nanophase and Nanocomposite Materials (MRS Symposium Proceedings)." 
Appendix B describes the procedures for the syntheses of the phosphinogallane used for 
ZnS/GaP nanocomposite powder synthesis. Appendix B is primarily based on the paper, 
"Synthesis and Pyrolysis Studies of [(/-Bu)2GaPR2]x", which was published earlier in 
Inorganic Chemistry}^ However, a few modifications in the experimental procedure were 
made. Those modifications were made by this author and resulted in a significant improvement 
in product yields for larger batch scales. Another purpose of Appendix B is to supplement the 
original paper which lacks the detailed procedures for synthesizing intermediate chemicals 
necessary for the phosphinogallane preparation. 
Although all three main manuscripts and Appendix A are largely the work of this 
author, there are co-authors who appear on these papers for their significant contributions 
throughout this multidisciplinary research project. Dr. Ahmad A. Naiini and Dr. John G. 
Verkade were mainly responsible for synthesizing and characterizing the phosphinogallane 
compounds and appear as co-authors on the first paper. Mr. E.Todd Voiles and Dr. L.Scott. 
Chumbley were responsible for TEM studies and appear as co-authors in the first paper and 
the paper in Appendix A. Most of all, Dr. Mufit Akinc has made a significant contribution as 
the major professor throughout the study and appears as co-author on all the papers. 
PAPER 1. SYNTHESIS AND CHARACTERIZATION OF 
ZINC SULFIDE/GALLIUM PHOSPHIDE 
NANO-COMPOSITE POWDERS^ 
This manuscript is in press for publication by 
the Journal of the American Ceramic Society. 
Yong Han, E. Todd Voiles, L. Scott Chumbley, and Mufit Akinc 
Department of Materials Science & Engineering 
and 
Ahmad A. Naiini and John G. Verkade 
Department of Chemistry 
Iowa State University, Ames, lA 50011 
fA portion of this paper was presented at the 122"'' TMS Annual Meeting and Exhibition, 
Denver, CO, February 22, 1993 (Chemically Synthesized or Modified Powder Preparation 
and Properties). 
9 
ABSTRACT 
Nano-composite powders between zinc sulfide and gallium phosphide were 
synthesized. Monodisperse, submicron, spherical, and porous clusters of ZnS 
nano-crystallites were used as a host material, into which a solution containing a 
phosphinogallane, [(/-Bu)2GaPR2]x wherein R = /-Pr, x = 2 or R = ^Bu, x = 1, was 
impregnated. The pure ZnS powders and the composite powders obtained after flash 
pyrolysis at 600°C were subsequently heat treated at various temperatures ranging from 500° 
to 900''C and characterized using a variety of techniques. While pure ZnS powders underwent 
significant grain growth and morphology change at temperatures as low as eoo'c, the 
composite powders maintained their integrity up to 800°C. [Key words; zinc sulfide, gallium 
phosphide, nano-composite, synthesis, infi-ared window] 
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INTRODUCTION 
Some of the current research in the materials processing field is focused on design, 
synthesis and processing of nano-scale composites with microstructures of < 100 nm regime. 
This work was inspired by the realization that significant beneficial changes in the properties 
of materials can be achieved by progressively reducing the microstructural scale while 
maintaining chemical and microstructural uniformity. Traditional composite design is based 
on either mechanical mixing of the components or by precipitation of a secondary phase fi^om 
a melt. The former approach presents limitations such as the inability to produce nano-scale 
structures, and the formation of an inhomogeneous phase distribution. The latter approach 
works well for metals and ionic solids as long as the secondary phase can be dissolved in the 
matrix. For highly covalent materials, however, precipitation of a secondary phase is 
complicated by the extremely low diffusivities of atoms at moderate temperatures. Even if the 
precipitation can be accomplished, control of the size and the distribution of the secondary 
phase is very difficult. Uniform, fine microstaictures in composites can only be achieved by 
controlling the chemistry and morphology of the constituents required for processing the 
composite, especially in synthesizing composite materials between compounds with highly 
covalent bonding. 
There is a growing need for an infi-ared window material with high durability and 
multi-spectral capability. It is essential that careful considerations of optical, mechanical and 
thermal properties of the materials be made when selecting a material for a specific 
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application. Since many factors are involved, compromise is necessary when choosing a 
desirable material. Zinc sulfide is currently being used as a compromise material in the 8-12 
Hm region.' Major disadvantages^ of zinc sulfide are low durability and weak resistance to 
rain impact. Calcium lanthanum sulfide (CLS), which possesses better mechanical properties, 
has been recognized as one of the promising substitutes for zinc sulfide and various 
processing techniques have been developed over the past twenty years.^""''' However, CLS 
suffers fi-om low thermal shock resistance due to its high thermal expansion coefficient and 
low thermal conductivity.^ Some attempts have been made to improve the properties of ZnS 
by coating it with a stronger protective surface layer ^ or by forming a composite with 
diamond. ® While these efforts have resulted in some improvements, the ultimate demands 
are yet to be met. 
Spherical, monodisperse, submicron-size zinc sulfide powders were previously 
prepared in our laboratory using homogeneous precipitation by thermal decomposition of 
thioacetamide (TAA) in an acidic aqueous solution. ^  Transmission electron micrographs and 
line broadening in X-ray diffraction patterns of these powders showed that the individual 
particles were porous agglomerates of 8 nm crystallites.' From this observation, an 
interesting approach to improve the mechanical properties of zinc sulfide was proposed.' It 
was suggested that zinc sulfide powders be impregnated by gallium phosphide by utilizing 
liquids that contain gallium and phosphorus. The choice of the reinforcing material, gallium 
phosphide, was due to its lattice match with zinc sulfide and its higher resistance against rain 
impact. 
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There are numerous processing techniques used to produce semiconducting thin films 
for electronic devices. Metal-organic chemical vapor deposition (MOCVD) is one of the most 
popular and intensively studied. Typically, it involves three gaseous species. As an example, 
a trialkyl gallium (GaRj), EH3 (E = P or As), and carrier gas are used in most CVD processes 
for producing GaE." These compounds are very toxic and highly sensitive to air. Thus, 
single source organometallic compounds that contain both a group III and a group V element 
and possess less hostile properties have been considered as alternate precursors. A 
monomeric arsinogallane compound, (/-Bu)2GaAs(/-Bu)2, was prepared by Higa and George 
from the 1; 1 reaction of /-BujGaCl and /-BujAsLi in benzene." By a similar approach, we 
prepared two phosphinogallanes; a dimeric phosphinogallane compound, [(/-Bu)2GaP(/-Pr)2 
(1) and a monomeric compound, (/-Bu)2GaP(/-Bu)2 (2).'" Compound 1 is moderately soluble 
and compound 2 is highly soluble in typical organic solvents such as benzene, ethers, and 
pentane. Solutions of these compounds can easily be impregnated into the nano-porosities of 
the zinc sulfide powders. While this work was in progress, Lee et al., independently reported 
syntheses of compounds 1 and 2. " 
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EXPERIMENTAL PROCEDURE 
(1) Zinc Sulfide Precipitation 
Reagent-grade TAA (99% pure, Aldrich Chemical Co., Milwaukee, WI) was used. 
All other chemicals employed were Fisher reagent-grade (Fisher Scientific Co., Pittsburgh, 
PA) and were used without further purification. The procedure described by Celikkaya and 
Akinc' was generally followed but a few modifications were made to afford a larger batch 
scale. 
A 1.S6M stock solution of zinc ion was prepared by dissolving zinc nitrate in 
deionized water followed by filtering through a 0.22 |im Teflon membrane filter. A 19.2 mL 
aliquot of this solution was transferred into a 1000 mL Berzelius beaker. Nitric acid and 
deionized water were added to bring the total volume to 575 mL and the pH to 2.0. The 
solution was heated to 70°C in a water bath with an immersion heater, then 36.06 g of TAA 
was added. In 4-6 minutes, a bluish tint in the solution was observed indicating the onset of 
precipitation. After aging for 1 hour, the solution was quenched in an ice bath, and the zinc 
sulfide precipitate was recovered by centrifuging at 3000 rpm for 30 minutes, followed by 
washing twice with 500 mL 0.005 M HCl solution and twice with 500 mL acetone. Then the 
powders were dried at 100°C under vacuum for a few hours. 
(2) Phosphinogallane Synthesis 
All the reactions were carried out in a double manifold vacuum line following standard 
inert atmosphere and Schlenk techniques.All the solvents used were Fisher reagent-grade 
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(Fisher Scientific International, Pittsburgh, OA), and were dried by refluxing over Na / 
benzophenone under flowing Nj. Then gases dissolved in the solvents were removed by 
degassing three times at liquid nitrogen temperature under vacuum just before use. All other 
chemicals were purchased from Aldrich Chemical Company, Milwaukee, WI. The procedure 
for the arsinogallane syntheses, as described by Higa and George " and the references therein, 
was slightly modified to afford higher yields and purities.''' Figure 1 depicts the steps taken in 
phosphinogallane syntheses. Three intermediate compounds, LiPRj (R - /-Pr or /-Bu) and 
ClGa(/-Bu)2, were prepared in relatively large quantities (over 50 mmol per batch for each 
compound) and stored in a glove box. Only 4.5 - 5.0 mmol of the final compounds, i and 2, 
were prepared in each run and the products were purified by sublimation^ since they slowly 
degrade over a period of months even in a glove box. 
(3) ZnS/GaP Composite Powder Synthesis 
The composite powder synthesis was carried out using the vacuum line mentioned in 
the previous section. Figure 2 shows the experimental setup. A very thin layer of graphite 
was deposited inside the Pyrex tube by passing acetone vapor for 2 hours into the tube which 
was heated at 600''C. The acetone vapor was made by bubbling argon through warm acetone. 
Zinc sulfide powder (1.0 - 2.0 g) was then placed in the tube and was outgassed at 400°C until 
the pressure stabilized at 0.02 Torr, which took approximately one hour. Under these 
t At 90°C under 0.005 Torr for 1 and at eO'C under 0.01 Torr for 2.phosphinogallane 
Depiction of phosphinogallane synthesis. 
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CIPR, 
LiAlH, 
•>HPR, 
n-BuLi 
t-BuLi 
Ga(t-Bu)3 < GaClj 
GaCl, 
LiPRj ClGa(r-Bu)2 
(/-Bu)2Ga-PR2 
(where R = /-Bu or /-Pr) 
Apparatus for composite powder synthesis. 
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phosphino gallane 
dissolved in diethyl ether 
19 
conditions, no apparent changes in powder morphology were observed. Upon cooling the 
tube to room temperature, phosphinogallanes stored in a glove box were weighed out to 
provide various contents (5-15 weight %) of gallium phosphide in the ZnS/GaP composite 
powder after pyrolysis. The phosphinogallanes were transferred into a 50 mL flask equipped 
with a side arm. A septum was placed on the joint of the flask which was then taken out of 
the glove box. Diethyl ether^ was transferred through the septum using a syringe. Diethyl 
ether (chosen because of its small molecular size and high volatility) was dried and degassed 
prior to use as described in the previous section. A 5 mL aliquot of the solution was 
transferred into the evacuated (at 0.02 Torr) Pyrex tube with a syringe and the solvent was 
evaporated under vacuum at -15°C. This impregnation procedure was repeated for the 
remainder of the solution. A flowing argon atmosphere was then established through the inert 
gas manifold of the vacuum line. Finally, the tube was lowered into a furnace preheated to 
630°C. Under these conditions, the temperature inside the tube reached 600°C in two 
minutes. After 30 minutes, the tube was evacuated until the pressure stabilized at 0.02 Torr. 
After cooling to room temperature, the tube was flushed with argon and the resulting 
ZnS/GaP composite powders were collected. 
1100 mg of phosphinogallane was dissolved in diethyl ether (1 in 30 mL and 2 in 15 mL). 
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(4) Heat Treatment and Characterization 
Pyrolyses of the phosphinogallanes i and 2 were studied by TGA (Seiko TG/DTA 
300). ZnS and composite powders were sealed in quartz ampoules at 0.05 Torr and heat 
treated for 20 - 24 hours at temperatures ranging from 500° to 900°C with 100°C intervals. 
Elemental analyses for Zn, Ga, S and P of as-prepared and heat treated powders were carried 
out by Galbraith Laboratories (Knoxville, TN) and/or Analytical Services at Ames Laboratory 
(DOE, Ames, lA). The powders were also characterized by X-ray diffractometry (Scintag 
XDS 2000 powder X-ray diffractometer; San Jose, CA), scanning electron microscopy 
(JEOL JSM 6100 scanning electron microscope; Tokyo, Japan), scanning / transmission 
electron microscopy (Phillips CM30 scanning / transmission electron microscope ; Eindhoven, 
Netherlands) and energy dispersive spectrometry. Details of the STEM studies are given 
elsewhere.'^ 
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RESULTS AND DISCUSSION 
(1) Characterization of Phosphinogallane 
Detailed characterizations of the pure phosphinogallanes i and 2 were previously 
described using spectroscopic techniques such as 'H, "C, and ^'P NMR, and FTIR, and 
elemental analyses.'" Thermogravimetric analysis of i was carried out with a heating rate of 
10°C/min to 600°C in flowing argon^ Thermal decomposition began at ISO'C and was 
completed at about 400°C. The overall weight loss observed was 66.3%, which agreed well 
with the theoretical weight loss of 66.5% for the complete decomposition of 1 to GaP. We 
also investigated the pyrolysis mechanism by mass spectral analyses combined with gas 
chromatography and infrared spectroscopy.'" Based on the high alkene:alkane ratio (10:1) 
and the presence of in the pyrolysis gas, it was suggested that P-hydrogen elimination 
followed by H2 elimination was the dominant pathway (Figure 3, solid lines). This contrasted 
with the pyrolysis of the arsinogallane, (/-Bu)2GaAs(/-Bu)2, where the observed 
alkene:alkane ratio was approximately 1:1 and the proposed mechanism consisted of 
P-elimination followed by alkane elimination as depicted by the dotted lines in Figure 3.'^ The 
XRD trace of the pyrolysis product of 2 is shown in Figure 4, where the pattern matches with 
that of cubic GaP." 
t Ultra high purity grade argon was passed through an trap (Oxy-trap, Alltech Associates, 
Inc., Deerfield, IL) at a rate of 55 mL/min. 
Figure 3. Pyrolysis mechanism of (/-Bu)2Ga-ER'2 where R' is /-Bu or /-Pr and E is As " or P 
/ - alkene \ / ,R' 
•> Q 
\ B-elimination 
V' R A 
alkene \ / 
-> GaE 
B-elimination / \ Hz-elimination 
H 
(RGaER'), 
alkane elimination 
alkane elimination 
V 
(GaE)x <-
- alkene 
P-elimination 
Hz-elimination 
- alkene 
(HGaEH)x < (RGaEH)x 
P-elimination 
E 
R 
R' 
= As or P 
= /-Bu 
= f-Bu or /-Pr 
XRD trace of the crystals obtained after flash pyrolysis of 2 at 
SOO'C for 30 minutes. JCPDS X-ray diffraction peaks for GaP 
are marked as bars." 
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These phosphinogallanes are readily soluble in a variety of organic solvents such as 
benzene, ethers, and pentane. The solvents must be dried properly as described in the 
experimental section, since 1 and 2 readily react with moisture to decompose to a cyclic 
trimeric compound, [t-Bu2Ga(|i-OH)]3, and dialkyl phosphine, HPRjCR = /-Pr for i and /-Bu 
for 2).'® Because of the pyrophoric nature of 1 and 2, the solvents must be degassed carefully 
to avoid oxidation, made evident by the formation of white fumes, during dissolution. With 
these precautions, a diethyl ether solution of the phosphinogallanes i or 2 can be utilized as a 
liquid source for GaP to be impregnated into the nano-crystalline ZnS. 
(2) Characterization of As-Precipitated and Heat Treated Zinc Sulfide Powders 
SEM micrographs of the as-precipitated and the heat treated zinc sulfide powders are 
shown in Figure 5. As-precipitated powders were spherical agglomerates of nano-crystallites. 
Coarsening of the nano-crystallites was observed at temperatures as low as 500°C, and 
interparticular diffusion began at 600°C. At 700°C, the original morphology of the powders 
was completely lost and particles of several micrometers in size were observed. Figure 6 
shows X-ray diffraction traces of as-precipitated and heat treated zinc sulfide powders; the 
bars represent the X-ray diffraction pattern of cubic ZnS.^° As the temperature increased, the 
average crystallite size increased as indicated by the decreasing line breadths of the X-ray 
diffraction peaks. From the line broadening of the peaks, the average crystallite sizes were 
estimated by the Scherrer formula, 
SEM secondary electron images of (A) the as-precipitated ZnS 
powder, and the powders obtained after heat treatments for 20 
hours at (B) SOCC, (C) 600°C. and (D) JOO'C. 
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Figure 6. XRD traces of (A) the as-precipitated ZnS powder, and the 
powders obtained after heat treatments for 20 hours at (B) 
500°C, (C) 600°C, and (D) 700°C. JCPDS X-ray diffraction 
peaks for ZnS are marked as bars.'® 
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wherein, t, 'K, B and Gg are the average size of the ciystallites (nm), the wavelength of X-ray 
(nm), the line width (radians) at the half maximum intensity due to crystallites smaller than 
100 nm, and the diffraction angle, respectively. The estimated average crystallite sizes were 8 
nm (±0.5%), 24 nm (±4.5%), and 41 (±13.6%) for as-precipitated powders, and the powders 
heat treated at 500''C and 600°C, respectively (Table I). At 700°C, the average crystallite size 
exceeded 0.1 jam which is the limit for this method to be used. 
TEM examination" revealed that as-precipitated ZnS particles were not solid ; instead, 
they were nano-porous as shown in Figure 7-A. The average crystallite size measured from 
the particle edges using TEM micrographs was 14±4 nm. This value is contrasted w^th the 
average crystallite size measured by XRD (8 nm). The latter value represents an average over 
the whole ensemble of nano-crystallites in the powder sample, while the TEM measurements 
were made only on the edges of the particles. A possible rationale put forth for this apparent 
discrepancy between the XRD and TEM results is that the particle cores may consist of 
smaller crystallites than their exteriors.'^ If this is the case, different behaviors between the 
interior and the exterior of ZnS spheres may result during heat treatment. An in-siiu heating 
experiment, performed at 600°C using a TEM equipped with a hot stage, showed a fluid like 
movement in the cores of the particles, which gradually resulted in the development of hollow 
centers." This hollowing effect was also observed for the ZnS powder heat treated at 600°C 
for 20 hours (Figure 7-B). Pressureless sintering experiments have been conducted on these 
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Table I. Average Crystallite Sizes of ZnS and ZnS/GaP Composite Powders 
Estimated by Equation (1) 
sample Temperature Time Average Crystallite 
(°C) (hours) Size(nm) 
as-precipitated ZnS - - 8 
heat treated ZnS 500 20 24 
heat treated ZnS 600 20 41 
heat treated ZnS 700 20 >100 
as-prepared composite 600 1/2 12 
heat treated composite 700 24 17 
heat treated composite 800 24 29 
heat treated composite 900 24 >86 
Figure 7. TEM bright field images of (A) the as-precipitated ZnS powder, 
and (B) the powder heat treated at 600°C for 20 hours.^° 
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nano-crystalline ZnS powders.' Zinc sulfide powders were fabricated into discs by means of 
dry pressing and cold isostatic pressing. The compacts were subsequently sealed in quartz 
ampoules under vacuum and heat treated for 24 hours at temperatures ranging fi-om 600° to 
900°C. Considerable growth and sintering were observed at temperatures as low as 600°C. 
All these findings are quite unusual for ZnS since its bonding is highly covalent and the 
bulk melting point is very high (1830°C).^^ Nano-crystals, however, may exhibit different 
physical properties compared to bulk materials. BofiFat and Borel demonstrated a 
substantial suppression in the melting temperature of gold nano-ciystals as the size decreases, 
and the vapor pressure of silver nano-crystals has been observed to be significantly higher 
than that of the bulk material (see Appendix for details). From the examples given, it is likely 
that the vapor pressure increase due to small crystal size may play a more significant role. 
This appears to be a plausible explanation for the fluid like movement observed during in-sUu 
heat treament of nano-crystalline ZnS powders. 
(3) Characterization of As-Prepared and Heat-Treated ZnS/GaP Composite Powders 
Scanning electron micrographs of the as-prepared and the heat treated composite 
powders containing 3.2 weight % of GaP (determined by chemical analyses) are shown in 
Figure 8. Compound 2 was the GaP source used for this composite. This batch of powders is 
representative of various composite powders with GaP contents ranging fi-om 3.2 to 10.4 
weight %, and all the experimental results presented henceforth are on the same batch. The 
actual GaP contents found by chemical analyses (3.2-10.4 weight %) were slightly less than 
SEM secondary electron images of (A) the as-prepared 
composite powder, and the powders obtained after heat 
treatments for 24 hours at (B) 700°C, (C) 800°C, and (D)900°C. 
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SEM secondary electron images of (A) the as-prepared 
composite powder, and the powders obtained after heat 
treatments for 24 hours at (B) 700°C, (C) 800°C, and (D)900''C. 
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the target values (5-15 weight %) because some of phosphinogallane was lost by evaporation 
during flash pyrolysis. The morphology of the as-prepared composite powder (Figure 8-A) 
appears similar to that of the as-precipitated ZnS powder (Figure 5-A) except that the 
nano-crystalline surface features of the latter are no longer obvious. As illustrated in Figures 
8-B and C, the heat treated composite powders show no significant changes up to 800°C. 
This is quite surprising considering the fact that the pure ZnS powders disintegrated at 
temperatures as low as 600°C (see Figure 5). Even at POO^C, most of the particles maintain 
their spherical shapes, although there are some noticeable changes in morphology as observed 
in Figure 8-D. The surfaces are not as smooth as those seen in Figures 8-A, B, and C. It also 
appears that some of the particles erupted during heat treatment as indicated by the debris 
spread over the particles. This significant suppression of crystal growth by composite 
formation was verified by the observation of the X-ray difiraction patterns of the as-prepared 
and the heat treated composite powders (Figure 9). In contrast to the pure ZnS powders 
(Figure 6), the average crystallite sizes of the composite powders did not increase noticeably 
up to SOOT, as indicated by the fairly consistent line widths of the X-ray diffraction peaks. 
The average crystallite sizes were estimated using equation (1), and the results are 
summarized in Table I; 12 nm (±4%) for as-prepared composite powders, 17 nm (±7%) at 
700°C , and 29 nm (±7%) at 800°C. Therefore, it is evident that the effect of GaP 
impregnation on the grain coarsening behavior of the powders is quite substantial. Figure 10 
shows the TEM bright field images of the as-prepared and the heat treated (700°C) composite 
powders, which exhibit remarkable differences compared with the pure ZnS powders (Figure 
Figure 9. XRD traces of (A) the as-precipitated ZnS powder, (B) the 
as-prepared composite powder, and the powders obtained after 
heat treatments for 24 hours at (C) 700°C, (D) 800°C, and 
(E)900°C. 
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TEM bright field images of (A) the as-prepared composite 
powder, and (B) the composite powder heat treated at 700°C 
for 24 hours. 
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7-A and B). Nano-crystals are still observed in the as-prepared composite powders (Figure 
10-A), but nano-porosity is no longer apparent in contrast to the as-precipitated ZnS powders. 
Also the "hollowing effect" in the core of the particle is not apparent in the heat treated 
composite powder even at 700°C (Figure 10-B). These appeared to indicate that gallium and 
phosphorus were indeed present in the interiors of the composite particles. Energy dispersive 
spectroscopic (EDS) scans were made at various points across each composite particle, and it 
was observed that the relative signal intensities of the four elements (Zn, S, Ga, and P) 
remained fairly constant." In-situ heating experiments were repeated with the composite 
powders at temperatures of 700°, 800°, and 900°C. No drastic changes were observed up to 
800°C for several hours. Material transport via fluids was observed after one hour at 900°C, 
while a similar phenomenon was observed at 600°C for pure ZnS powders. 
Although it is not quite obvious why the composite powders behave so differently 
compared with the pure ZnS powders, a rationale follows. Firstly, the size of nano-porosity 
appears to be somewhat larger than that of the ZnS nano-crystallites which constitute the ZnS 
powders. Celikkaya measured pore entry sizes of a cold isostatically pressed ZnS pellet by 
mercury porosimetry.^' A narrow distribution of pore entry sizes ranging between 20 and 50 
nm with a maximum at 35 nm was observed. This porosity of the green pellet is not only 
interparticular but also intraparticular. In addition, GaP obtained after pyrolysis of the 
phosphinogallane is not nano-crystalline as is shown by the small peak widths in the XRD 
trace in Figure 4. Therefore, the size of GaP crystals deposited on the interiors of the ZnS 
powders is Ikiely to be much larger than the average crystallite size of ZnS (8 nm). Thus the 
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degree of melting point suppression and vapor pressure increase due to small crystal size will 
be less significant for GaP than ZnS in composite powders. Secondly, the vapor pressure of 
GaP is an order of magnitude less than that of ZnS ; 5.93 x 10"® atm for GaP versus 4.88 x 
10'^ atm for ZnS at QOCC. Material transport via the vapor phase is, therefore, expected to 
be suppressed significantly due to GaP impregnation, which would result in a slower 
coarsening rate if this is a primary mechanism for grain growth. This aggrees with the 
experimental results since a significant retardation of grain growth in the composite powder is 
observed. 
A knowledge of the nature of the interface between ZnS and GaP in the composite 
powders is necessary in understanding their unusual behavior. However, we have 
encountered difficulties in pursuing this goal. Firstly, it is very difficult to distinguish between 
ZnS and GaP in the composite powders by XRD because not only do they have the same 
crystal structure (zinc blende) but their lattice parameters differ only by 0.8% (5.406 A for 
ZnS and 5.4506 A for GaP). Secondly, the solid solubility of GaP in ZnS is complete^®, 
making it even more difficult to distinguish phases. This may cause the actual interface to be 
diffuse. Thirdly, the molecular weights involved are so similar (97.44 for ZnS and 100.69 for 
GaP) that back scattered electron images show little contrast. Finally, the scale of the 
interfacial phase region is extremely small because of the nano-crystallinity (~8 nm) of the host 
material, ZnS. Therefore, typical analytical techniques (which lack the necessary resolution) 
cannot be used to characterize the interfaces between ZnS and GaP in the composite powders. 
Grain growth inhibition by GaP impregnation can be quite beneficial since a fine 
49 
microstructure in the consolidated ceramic part may result in these composite powders. 
Celikkaya and Akinc previously investigated densification of the nano-crystalline ZnS powders 
by hot pressing.^^ Ceramic pieces of ZnS with near theoretical densities (>99%) were 
obtained in 6 minutes at 900°C under a pressure of 105 MPa. The average grain size of the 
ceramic was measured to be 0.75 nm. Under similar conditions, our ZnS/GaP composite 
powders are unlikely to undergo significant grain growth and thus, may yield a finer 
microstructure. Our current efforts have been concentrated on fabricating dense ceramic parts 
fi-om the nano-composite powders, microstructural characterization and measurements of 
mechanical properties such as micro-hardness. Young's modulus and fi-acture toughness. The 
results of these studies will be published in the near future. 
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CONCLUSION 
Homogeneous precipitation of ZnS powders using thermal decomposition of 
thioacetamide produced uniform, spherical and submicron particles. The individual particles 
were nano-porous and clusters of nano-ciystallites of ~8 nm. Unlike bulk material, the 
nano-ciystalline ZnS underwent substantial grain growth at temperatures as low as 600°C. In 
order to impregnate a reinforcing phase (GaP) into the nano-porosity of ZnS, a liquid 
precursor that contains Ga and P is necessary. A phosphinogallane, [(/-Bu)2GaPR2]x where R 
= i-Pr, X = 2 or R = NBu, x = 1, was synthesized, dissolved in diethyl ether, and impregnated 
into ZnS powders under vacuum. After the removal of the ether and the flash pyrolysis at 
600°C, ZnS/GaP composite powders were obtained. 
Both ZnS and composite powders were heat treated at temperatures ranging from 
500° to 900°C and subsequently characterized with various techniques. Infiltration of Ga and 
P into the interior of the as-prepared composite particles was verified by TEM equipped with 
hot stage and EDS. Zinc sulfide powders underwent substantial grain growth at temperatures 
as low as 600''C, and completely lost their original morphology at TOCC. However, the 
composite powders maintained their nano-crystallinity up to 800°C with an average crystallite 
size of 29 nm. This growth inhibition by composite formation with GaP will be quite 
beneficial since nano-scale microstructure in the final consolidated ceramic component may be 
achievable using these composite powders. 
51 
ACKNOWLEDGMENT 
This work was supported in part by the Office of Naval Research, by Iowa State 
University, and by the Ames Laboratory (USDOE). 
52 
APPENDIX 
Examples : Estimation of Melting Point and Vapor Pressure of Nano-crystallites 
(1) Melting Point of Gold Nano-crystals ^ 
Changes in the melting point due to a decrease in size can roughly be estimated by 
Tb - Tn, _ ~ ] 
Tm LPio/Tjo/ (A-1) 
where and are the melting points of the bulk material and a particle of radius r, 
respectively, L is the enthalpy of melting, and y and p are the surface tension and density, 
respectively. For gold nano-crystals with a diameter of 8 nm, is given by 
1336K - Tn, _ 2 [l.38Nm-' - 1.135Nm-'(18.40/17.28)] ^ 
Tm (6.27 X 10''Nmkg"')(18400kgm"^)(j x 8 x 10"'m) 
where all numerical values were taken from Reference 22. This yields a melting point of 1244 
K, while the experimental value was approximately 1200 A similar phenomenon was 
observed for semiconductor nano-crystals (CdS). The bulk melting point of CdS (1678 K) 
was reduced to 1200 K for nano-crystals with a diameter of 8 nm.^' 
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(2) Vapor Pressure of Nano-ciystals 
Sambles et al. estimated tiie vapor pressure increase of nano-crystals using the 
following equation." 
wherep, y, M,r, p, R, and T are vapor pressure, surface tension, molecular weight, radius, 
density, gas constant, and temperature, respectively. The vapor pressure of bulk ZnS can be 
calculated by^^ 
= 10(10.29-13750^0/760 (atm) (a-3) 
The surface tension of bulk ZnS is known; 1.672 N/m for the (100) face of sphalerite.' 
Therefore, vapor pressure increase of ZnS with a diameter of 8 rmi at 700°C can be estimated 
by 
2 X 1.672N/m x 97.39g/mole ^ ^ 
(i X 8 X 10"'m) (4102000g/m^)(973K)(8.314Nm/mole-K) 
thus the vapor pressure of the ZnS nano-crystals is 
P(T) = 10('0-29- >375o/973)/76o x 11.6 = 2.2x10'^' atm 
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The surface tension of nano-crystals is much larger than that of the bulk due to a weak 
dilation of the surface.'" For example, the surface tension of nano-crystals of CdS was 
determined to be 2.50 N/m, while the bulk value was given as 0.750 N/m.^' Therefore, the 
actual increase in the vapor pressure can be much larger. 
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ABSTRACT 
Chemical vapor transport was employed to prepare ZnS/GaP composite powers. 
Spherical, submicron, nano-porous ZnS powders were used as substrate, where GaP was 
deposited via transpot reaction involving iodine. XRD examinations of the powders with 
various GaP contents indicated that the powders consisted mainly of solid solutions with small 
amounts of GaP and ZnS. The powders were then densified to over 98% relative densities by 
cold isostatic pressing followed by hot isostatic pressing at QOO^C under 207 MPa. Vicker's 
hardness improved from 1.38 GPa for pure ZnS to 2.82 GPa (13.7 weight % GaP) and 
fracture toughness increased from 0.50 MPa-m"^ for pure ZnS to 0.89 MPa-m"^ (21.0 weight 
% GaP). [Key words: zinc sulfide, gallium phosphide, chemical vapor transport, composite, 
processing] 
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INTRODUCTION 
The search for an infrared window material with high durability and multispectral 
capability has been going on over three decades but generally unsatisfactory. Compromise is a 
must in choosing a desirable material since there are many factors to be considered such as 
hardness, impact resistance, fracture toughness, optical transparency, and thermal stability. 
Zinc sulfide (ZnS) is currently being used as a compromise material, but it suffers from low 
durability and weak impact resistance.' Some efforts have been made to alleviate these 
shortcomings. A few examples are a particulate composite material with diamond ^, a solid 
solution strengthening with GajSj^, and application of a protective surface layer", which have 
only resulted in partial improvements. 
Spherical, monodispersed, and submicron zinc sulfide powders were previously prepared 
by homogeneous precipitation using thermal decomposition of thioacetamide in our 
laboratory.' Transmission electron micrographs and x-ray diffraction patterns of these 
powders showed that the individual particles of zinc sulfide were porous agglomerates of 
nano-size crystallites with an average size of 8 nm.® From this observation, we have realized a 
possibility that these powders may serve as a matrix material for nano-scale composites. 
Impregnating zinc sulfide powders with gallium and phosphorous containing liquids or vapors 
was proposed.^ Gallium phosphide was chosen as a reinforcing phase due to its close lattice 
match with zinc sulfide (a2^ = 5.4060 A vs. aQ^ = 5.4506 A ) and its better mechanical 
properties such as hardness (H2^= 2.3 GPa vs. = 8.3 GPa).' 
63 
We have recently prepared a monomeric phosphinogallane, (/-Bu)2GaP(/-Bu)2, which is 
highly soluble in typical organic solvents such as benzene, ethers and pentane.' Using the 
solution of this compound, we have demonstrated the synthesis of nanocomposite powders 
between ZnS and GaP.'° Vapor phase chemical reaction transport (or chemical vapor 
transport) appears to be another attractive technique which can be used to deposit III-V 
compounds on a substrate." This technique generally utilizes the vapors of group V elements 
and halides of group III elements, which may react with each other to produce III-V 
compounds under properly selected thermodynamic conditions. This method did not gain too 
much popularity in semiconductor research field due to the difficulties in growing large single 
crystals.'^ " This, however, was considered to be advantageous for nanocomposite design 
since our object is to impregnate fine GaP into porous zinc sulfide powder substrate. Here, we 
report a novel approach for the synthesis of ZnS/GaP composites by chemical vapor transport. 
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THEORETICAL CONSIDERATIONS 
(1) Fundamentals of Chemical Vapor Transport 
Chemical transport reactions are those in which a solid or liquid substance, A, reacts with 
a gas, B, to form reaction products which are exclusively vapor phases. These vapor phase 
reaction products, in turn, undergo the reverse reaction at a different temperature in the 
system to reproduce A as solid or liquid. 
In the early 60's, Antell explored chemical vapor transport using iodine as the transport vapor 
to grow GaP single crystals.'^ He developed two slightly diflferent methods, one using I^ and 
the other using Galj as reacting gases: 
+ nN(^) + + (1) 
(2) 
and 
2GaP + Galj = 3GaI + '/2P4 (3) 
Chemical transport of vapor phases is controlled by a number of factors.'" The chemical 
concentration and temperature gradient are the driving forces for material and heat transports. 
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respectively. Thermodynamic and idnetic aspects of the chemical transport reactions are also 
important. Many of these factors play important roles in determining the rate of the process. 
In a closed system, the rate limiting conditions may be kinetic (reaction kinetics), diffusive 
(material transport) or convective (heat transport), depending on the pressure and temperature 
of the system. Pressure and temperature are not independent variables in a closed system. In 
the case of GaP transport by Ij in a sealed quartz ampoule, for example, the composition and 
the volume of the system are fixed. From the ideal gas law, total pressure is a linear function 
of temperature and fi^om the phase rule, the degree of freedom, F, is 2. 
F  =  C  +  2 - < D  ( 4 )  
where <5 is the number of phases, GaP^,^ and gas, and C is the minimum number of 
independent chemical species required to produce the system at equilibrium (C=2; GaP and 
I2). Therefore, if the temperature and composition are specified, the total pressure of the 
system is fixed. The rates of chemical transports, which are carried out in a total pressure 
ranging from 0.1 to 300 kPa, tend to be limited by gas diflRision.'" At higher pressures, 
convection may become significant, which increases the transport rates. At lower pressures, 
transport rates are limited by the kinetics of the chemical reactions involved. Bol'shakov et 
a/.'^ for example, studied chemical transport of gallium metal by iodine and showed that the 
transport of gallium was rate-limited by the reaction kinetics at the pressures lower than 30 
kPa, by the vapor diffusion at 30 to 150 kPa, and at higher pressures, the transport rate 
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increased due to thermal convection. Therefore, the rate-limiting process in most chemical 
vapor transport processes is the vapor phase diffusion process because they are usually 
carried out under the total pressures near 100 kPa. 
The partial pressures of the species involved in the chemical transport (which can be 
obtained by thermodynamic calculations) determine the practical limits of material transport in 
a reasonable time period. The key factors in the transport process are the magnitude of the 
equilibrium constant and its temperature dependence. For chemical transport involving 
heterogeneous equilibria, direction and eflfectiveness of transport along a temperature gradient 
is determined by the sign and the magnitude of AH, respectively."'' The difference in 
equilibrium partial pressures of a gaseous phase at diSerent temperatures is a direct measure 
of the quantity of material transported in a given period of time. The number of moles of 
gaseous species of interest that is transported is proportional to its partial pressure difference 
between high and low temperature sites. 
Antell studied the growth of GaP crystals by chemical vapor transport using iodine.'^ 
Antell explained that the growth of GaP crystals from the vapor phase occurred via a cyclic 
reaction as depicted in Figure 1. At a higher temperature (T^oi), the thermodynamics favors the 
formation of gallium monoiodide (b) thus increasing the partial pressure of Gal. This vapor 
moves to the cool end (T„|j) of the tube mainly by diffusion (c) and results in an excess 
pressure of Gal built up at T^^ over the equilibrium value. A local equilibrium at the cold end 
is achieved by depositing crystals of GaP via reverse reaction (d). The vapor at the cold end 
(Galj) then diffuses back to the hot end (e) where it reacts with more GaP to produce Gal (b). 
Figure 1. Cyclic transport reactions of GaP by 
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2GaP (s) + 312 (g) 
a 
ViP4(g) + 2Gal3(g) 
2GaP (s) + Gala (g) 
d 
3GaI (g) + >72 P4 (g) 
2GaP (s) + Gals (g) 
b 
3GaI (g) + H P4 (g) 
T/toj 
Tco ld  
G a l s -
GaP deposit 
<-
- G a l / P 4  
iGaP^iystal 
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This cyclic process will continue until all the GaP at the hot zone is consumed. Therefore, it 
requires only a small amount of iodine to transport relatively large amount of GaP. Antell also 
observed that iodine concentration did not affect the transport rate. Sandulova and 
Ostrovskii'® observed a linear dependence of pressure on temperature in the GaP and system 
at 400''~700''C, which was attributed to the vapor pressure of a mixture of Galj and P^. These 
two findings indicate that the initial reaction (a in Figure 1) is kinetically and 
thermodynamically favorable so that it may be complete at relatively low temperatures (>400 
°C) in a short period of time. 
When a simple reaction tube containing GaP and a small amount of iodine was used, a 
large number of small crystals grew at the cold end of the tube. Antell tried to solve this 
problem by creating a highly localized cold spot on the reaction tube and thereby forcing a 
crystal to grow in that spot. 
(2) Equilibrium Constants of Transport Reactions in GaP -Ij System 
In 1971, Sandulova and Ostrovskiiinvestigated the thermodynamics involved in 
chemical vapor transport of GaP. They claimed that the following three reactions were 
responsible for the chemical transport. 
(5) 
2GaP^,; + Galj^^^ = 3GaI^^^ + (6) 
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(7) 
Reaction (7), however, is simply a sum of reactions (5) and (6). The total number of 
independent reaction equilibria necessary to describe system can be calculated as follows. 
where R, N, and C are the number of independent reaction equilibria, the number of species in 
the system (GaP, Ij, Gal, Galj, and PJ and the minimum number of species required to 
produce the system at equilibrium, respectively. So it appears that they simply took reaction 
(7) into account even though it does not represent an independent equilibrium. According to 
Fergusson and Gabor, the choice for the third reaction equilibrium would be the dissociation 
of Ij into free I." 
(9) 
This increases N to 6 due to free iodine, which, in turn, increases R to 4. So they assigned the 
fourth reaction to be the dissociation of gallium triiodide to monoiodide; 
R = N - C = 5 - 2 = 3  (8) 
(10) 
According to Sandulova and Ostrovskii there would be almost no iodine lefr at 
temperatures above 400''C because reaction (5) took place at an appreciable rate even at 
71 
200°C. In fact, Galj and P4 were the only observed gaseous species at temperatures above 
400°C. Therefore, the dissociation of Ij, which becomes thermodynamically favorable at fairly 
high temperatures, can be ignored. This appears to be the reason why Sandulova and 
Ostrovskii observed Gal to be the main constituent in the gaseous phases above 700 °C and 
did not take the iodine dissociation into account. Instead, they simply chose reaction (7) to 
describe the system even though it was not an independent equilibrium reaction. 
Based on the above argument, the reactions (5), (6), (9), and (10) are considered to be 
the four independent chemical equilibria (R = N- C = 6- 2 = 4, where N: GaP, I^, Gal, Galj, 
I, and P4) which are necessary to describe this particular system. Using the thermodynamic 
data available, which are summarized in Table I, the equilibrium constants of reactions (5), 
(6), (9), and (10) were calculated as follows. 
2 0.5 
/ogKp^'^ = log = 9750/T+ 3.4-1.3/o^T (11) 
3 0.5 
log Kp^®^ = log = -25728/T + 33.3 - 3.6 log T (12) 
/ogKp^'^ = log ^ = -7912/T + 4.4-0.3/o^T (13) 
2 
/o^Kp"°^ = log = - 19737/T+ 14.4-0.5 logl (14) 
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Table I. Thermodynamic Data 
H''(298K) 
(kJ/mole) 
S°(298K) 
(J/mole-K) 
AH°(298->T) 
(kJ/mole) 
AS°(298->T) 
(J/mole-K) 
GaP(S) -100.4^ 50.6^ 0.050T - 16.87 49.58 InT- 283.3 
GaljCg) -117.2® 370.3^ 0.084T - 25.52 81.59 InT-464.8 
Gal(g) 43.9 255.2 0.037T- 11.30 37.40 InT-213.4 
IjCe) 62.4° 260.7° 0.038T- 11.35° 37.66 InT-214.6° 
1(B) 106.7 180.7 0.020T- 5.44 20.08 InT - 114.2 
P4(6) 58.9'' 280.0° 0.079T-24.17° 78.87 InT - 439.2° 
A. Data taken from reference 31 
B. From the standard enthalpy (-213.4 J/mole)'^ and the heat of sublimation (96.2 J/mole)" 
of GaljCs) 
C. From the entropy change upon sublimation (166.5 J/mole-K)" and the standard entropy 
(203.8 J/mole-K)" of Gal3(s) 
D. Data taken from reference 34 
The rest of the data were taken from reference 17 
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where P\,P2,Pi,PA^ p^ are vapor pressures of Gal, , Gal3, , and I, respectively. 
(3) Kinetics of Chemical Vapor Transport in GaP System 
As discussed in the earlier sections, reaction (6) is the only effective one after the 
set condition is achieved. Among the three gaseous species present in the chamber, Galj is 
likely to diffuse most slowly due to its high molecular weight." 
D. a yjl/Mi (15) 
Since the kinetics of a typical chemical vapor transport is governed by gas diffusion, the mass 
transport rate can be expressed by Pick's law " 
^  =  - A D ^ « - A D ^  ( 1 6 )  dt dx I ^ ' 
where n is the number of moles transported, A is the cross-sectional area of the diffusion path 
(/), D is the diffusion coefficient of the rate-limiting species in a gas mixture, and c is the 
concentration in the respective isothermal reaction zones. Assuming an ideal behavior, we can 
obtain an expression for the transport rate of GaP. 
where the equilibrium partial pressure of Galj at any temperature can be determined by the 
Equations (11) and (12). 
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Lever and Mandel developed a set of equations relating pressures to diffusivities of 
gaseous phases.^" These equations can be applied to chemical vapor transport reactions. The 
average difiusivity of the species / (D,) in a gas mixture present in reaction (6), can be 
expressed as; 
1 _ 1-5 /?Gal3 + 0.5/7g 
Doal l-5P,of Doali-Gal 
1 _ Doah-Gal 
Dp^ DGal3-P4 Dg 
(18) 
(19) 
_J_ = —y— + 0-25 (20) 
Dg.I3 O.SDoai 0.5 Dp ^ ^ 
where />, is the average partial pressure of /. Binary diffusion coefficient, D,.^, can be 
estimated by" 
where M is molecular weight, P,„,is total pressure of the system (kPa), is collision 
integral, and is collision diameter (nm). Hirschfelder et tabulated as a function 
of reduced temperature, T' 
r  =  T 8 ^ / k  (22) 
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wherein k is Boltzmann constant and is maximum energy of attraction for collisions 
between different species; and j. The parameters, c (collision diameter) and s (maximum 
attraction energy), come from the Lennard-Jones 6-12 potential function of the form 
(|)(r) = 4e[(a/r)'^-(a/r)<>] (23) 
where r is the intemuclear distance. For bimolecular collisions between unlike molecules the 
following approximations are used 
8^ = (e,e,) & CT^ = (a, + a,)/2 (24) 
When the potential function data are unavailable for individual molecules, the following 
empirical relations can be used; " 
E / k  = 0.77T,= 1.15 Tb = 1.92 T„(K) (25) 
a = 0.0841 vl =0.1166 v| = 0.1221 vt (nm) (26) 
where V is molar volume of solid at the critical point (c), of liquid at the boiling point (b), 
and of solid at the melting point (m). 
Binary diflfijsion coefficient, D,.^, will be calculated by equation (21) using the data 
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estimated from equations (22) through (26). The binary diffusion coefficients will then be 
substituted into equations (18), (19), and (20) to calculate the average diffusion coefficients of 
the gaseous species. Finally the transport rate will be estimated by equation (17). The resuhs 
will be presented as two figures and a table in the results and discussion section. 
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EXPERIMENTAL PROCEDURE 
(1) Starting Materials 
Zinc sulfide powders were precipitated by homogeneous precipitation using thermal 
decomposition of thioacetamide as described in elsewhere.^ Gallium phosphide was purchased 
fi-om CERAC (Milwaukee, WI). Reagent grade iodine (Fisher Scientific, Pittsburgh, PA) was 
purified by sublimation prior to use. 
(2) Chemical Vapor Transport and Consolidation 
The transport apparatus is illustrated in Figure 1. First, 3 g of ZnS powder was placed in 
the cold chamber. Then a predetermined amount of GaP to give 5-20 weight % was placed in 
the hot chamber along with 0.1 g of iodine. The average reaction vessel volume was 50 cm', 
thus the iodine concentration was 2 mg/cm^ The reaction vessel was then evacuated (< 3 Pa) 
and sealed. Each zone of the fiimace was set so that the temperatures of hot and cold 
chambers are maintained at 945±5°C and 700±5°C, respectively. The hot zone of the reaction 
tube was monitored every 30 minutes to check the progress of the reaction. After the 
completion of GaP transport, the time required to complete the GaP transport was recorded. 
The hot chamber was then quenched with cold water to condense the remaining iodide 
vapors, if any, and the resulting composite powders were collected fi-om the cold chamber. 
Composite powders were sieved through a 200 mesh nylon screen and dry pressed into 
pellets in a stainless steel die (0.95 cm diameter) under a pressure of 22 MPa followed by cold 
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isostatic pressing under pressures of 172 MPa. Pellets were spray coated with 0.1 mm thick 
boron nitride. These pellets were encapsulated in Pyrex glass ampoules and were hot 
isostatically pressed at 900°C under 207 MPa for 60 minutes.' 
(3) Characterization 
Powders and densified compacts were characterized with respect to their morphologies 
(SEM ^), ciystalline structures (XRD^), and chemical compositions (ICP SEM samples 
were polished with 0.3 urn AljOj suspension and chemically etched over HCl vapor for 15-30 
seconds. Densities of the hot isostatically pressed compacts were measured by Archimedes 
method. Young's modulus was obtained from shear and longitudinal velocity measurements. 
The hardness and fracture toughness were determined by Vicker's indentation method using 
1.0 kg and 0.5 kg loads for 15 seconds, and at least 10 indentation measurements (Leco 4-400 
Microhardness Tester, Leco Corp., St. Joseph, MI) were made for each load. 
§ American Isostatic Press, Inc., Columbus, OH. 
t JSM 6400, JEOL Ltd., Tokyo, Japan. 
t Scintag XDS-2000, Scintag, Inc., San Jose, CA. 
4* MFC Analytical Services, Ames Laboratory, ISU, Ames, lA 
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RESULTS AND DISCUSSION 
(1) Thermodynamic and Kinetic Calculations 
The values of /oigKp's are calculated from Equations (11)-(14) and plotted against 
temperature in Figure 2. Thermodynamic data used for these calculations are tabulated in 
Table I. As pointed out earlier, the iodine concentration does not effect the transport rate, 
which suggests that reaction (5) proceeds fairly fast even at low temperatures. Furthermore, 
the equilibrium constant, Kp^®\ ranges from 10'° to 10^° at temperatures from 200° to 700°C. 
Therefore, even before the set temperature of the hot zone (945°C) is reached, there will be 
almost no iodine left, which makes the roles of reaction (9) negligible. Reaction (10) is 
thermodynamically unfavorable and is also negligible at temperatures of interest. Once the set 
condition is achieved, reaction (6) will be the only effective one. At higher temperatures. Gal 
and P4 are the predominant vapor species and they diffuse (c in Figure 1) along the 
temperature gradient. The reverse of reaction (6) (d in Figure !) become dominant at 
temperatures lower than ~900°C and it produces GaP and Galj. The vapor of Galj will then 
migrate (e in Figure 1) into hot zone where it reacts with more GaP by reaction I (b in Figure 
1). This cyclic process continues until there is no GaP left. 
Under the initial iodine concentration of 2 mg/cm^ and the temperature of hot zone at 
945°C, the partial pressure difference of Galj along the temperature gradient (^cw,) is plotted 
in Figure 3. The partial pressure difference, Apcw,, reaches a maximum value of 29 kPa at a 
temperature range of 680°~730°C. To verify this, an experiment employing a linear 
Figure 2. Plot of logarithm of the equilibrium constants of the reactions 
involved in the vapor transport of GaP as a function of 
temperature. (11): reaction (5), (12); reaction (6), 
(13): reaction (9), (14): reaction (10). 
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temperature profile was carried out. One gram of GaP crystals with iodine (2 mg/cm') was 
placed in a sealed quartz tube. The three-zone fiimace was set so that the temperature was 
945°C at the hot zone and then decreased linearly along the length of the tube to 500°C with a 
rate of ~20°C/cm. When the transport was completed in approximately 12 hours, a thin film of 
GaP was deposited in a small region of the tube wall, which was translated into a temperature 
range of 690°~740°C. This agrees with the temperature range where the transport rate is 
expected to reach maximum (680°~730°C, Figure 3). Therefore, the temperature at the 
deposit zone was set at 700°C to obtain maximum transport rate. Under these conditions, the 
average temperature inside the tube was 840°C. 
The diffijsivity of a binary gas mixture (D,^) and the average diffiisivity of gaseous species 
/• in a gas mixture (D^) were calculated using Equations (18) through (21). The results as well 
as the data needed for calculations are tabulated in Table II. As predicted earlier in the 
previous section, Galj indeed is the diffijsion rate limiting species. With Equation (17), the 
transport rate is calculated to be 
_ ^  , A • Do.i. .apo.1.  ^
dt RT/ ^ 
wherein A = 7t cm^ DGai3= 0.1 cmVsec, ^Gai3= 29 kPa, T,^ = 840°C, and /= 13 cm. The 
observed transport rates ranged fi-om 0.063 to 0.120 g/hr. with an average value of 0.089 
(std. dev. = 0.019) g/hr. which is less than twice the calculated value and is a reasonable 
agreement. The discrepancy between calculated and experimentally measured values may be 
Figure 3. Partial pressure difference of Galj as a function of cold zone 
temperature while the hot zone is fixed at 945°C. 
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Table II. Data for calculation of diflfiisivities (cmVsec)'^ 
Galj Gal P4 Galj-Gal P,-Gal Galj-P, 
Molecular Weight 450.4 196.6 123.9 - - -
Melting Point ("C) 212 271 590 - - -
Molar Volume (cmVmole) 108.5 41.2 52.7 - - -
a (nm)® 0.58 0.42 0.46 0.50 0.44 0.52 
8 / k (K)^ 931 1044 1657 986 1315 1242 
at 840''C ° 1.32 1.40 1.77 1.35 1.56 1.52 
Binary Diffusivity, D, ^ - - - 0.18 0.26 0.17 
Average Diffusivity, D. 0.10 0.36 0.35 - - -
A. This table is based on the set conditions of T, = 700°C, Tj = 945°C, T,^ = 840°C, and 
iodine concentration of 2 mg/cm^ See text for details 
B. For single species, Equation (26) is used assuming that the molar volume of the solid does 
not change up to melting point and for binary mixtures. Equation (24) is used. 
C. For single species, Equation (25) is and for binary mixtures, Equation (24) is used. 
D. Data taken from reference (18) 
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due to thermal convection, as discussed earlier, and the combined uncertainties in the values 
of the diffusion coefficients and thermodynamic data. No attempts were made to assess the 
errors involved in theoretical calculations as there are no data available on the level of 
uncertainties. 
(2) Powder Characterization 
Figure 4 shows the morphologies of the starting ZnS powder and the ZnS/GaP composite 
powder with 13.7 weight % GaP as determined by chemical analysis. The as-precipitated ZnS 
powder consisted of spherical, monodisperse, and submicron-size particles. Individual 
particles were, in turn, agglomerates of nano-crystallites of 8-10 nm, and detailed 
characterizations for the as-precipitated ZnS powder were previously published.® Composite 
powder also exhibited clustered morphology as shown in Figure 4-b. However, the initial 
spherical morphology of ZnS was destroyed. A plausible explanationis as follows. Firstly, 
nanocrystalline ZnS powders underwent significant grain growth yielding severe 
morphological changes at TOOT.® Secondly, it has been shown that ZnS can react with iodine 
vapor to produce iodides." Since the iodine, which is placed with GaP in the hot chamber, will 
be consumed quickly by the reaction (5), as pointed out earlier, there will be little left to react 
with ZnS in the cold chamber (700°G). However, we have not looked into chemical reaction 
equilibria between zinc sulfide and either Gal, or Galj. Assuming that these reactions are 
insignificant, it appears that the grain growth at elevated temperature may play more 
important role in morphology changes in composite powders. 
SEM images of (A) as-precipitated ZnS powder and 
(B) composite powder with 13.7 weight % GaP. 
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A small portion of XRD patterns (around 20 = 68.5-70.5°) of composite powders with 
various GaP contents (4.2, 8.4, 13.6, and 21.0 volume %) are shown in Figure 5. Peak 
positions due to (400) planes of ZnS^"* and GaP" with sphalerite structure (diamond-like cubic 
structure) are represented as triangles. As the GaP content increases, peak positions shift 
towards lower angles, which implies that GaP is dissolved in ZnS. Since the temperature at 
the cold chamber is fairly low (TOOT) and the time taken to complete transport is short (3-14 
hours depending on the amount of GaP transported), it is unlikely that GaP will form 
completely homogeneous solid solution with ZnS. This is made evident by the presence of 
small shoulders at 20 values for pure GaP and ZnS peaks, although pure ZnS peaks are less 
apparent due to overlap with peaks of the ZnS/GaP solid solutions. Lattice parameters of 
these powders obtained using the method described by Cullity^® are plotted vs. GaP mole 
fraction, Figure 6. Peak positions used for lattice parameter determinations were obtained 
from line profile analyses using DMS2000 (Scintag, San Jose, CA) and the shoulders due to 
pure ZnS and GaP were also taken into account by weighed averages of the peak areas. The 
solid line is drawn according to the Veggard's law using the lattice parameters of pure end 
members; 5.406 for ZnS and 5.4506A" for GaP. Although the crystalline phases (ZnS, 
GaP, and the solid solution) exhibited mainly the sphalerite structure, fairly weak XRD peaks 
due to a small amount of wurtzite form (hexagonal structure of ZnS) was also observed in 
these composite powders. 
Figure 6. Variation of lattice parameter of composite powders as a 
function of GaP content. 
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(3) Densified Composites 
Densities of green compacts after cold isostatic pressing were estimated from the 
geometric dimensions, which ranged from 61% to 69% of the theoretical density. The relative 
densities of hot isostatically pressed composites were determined by Archimedes method and 
were over 98% for all the compositions studied. 
The microstructures of ZnS/GaP composites with 4.2, 8.4, 13.6, and 21.0 volume % GaP 
are depicted in Figure 7. Vicker's hardness and fracture toughness values of the composites 
are summarized in Table III and plotted as a function of GaP content in Figure 8. The best 
fitting straight line is drawn for the fracture toughness values and the straight line for hardness 
is based on the rule of mixture using hardness values of pure ZnS and GaP.^ The hardness and 
fracture toughness of the composites increase as GaP content increases. 
Zhang et aC studied solid solution strengthening of ZnS by addition of GajSj. They 
observed a monotonic increase in hardness with Ga^S, content. Solid solution strengthening 
mainly results from the interactions of dislocations with a stress field generated by the size 
difference between the solute and the solvent and/or defects which can be introduced by the 
solutes. This appears to play major role in the case of Zhang et al. In the ZnS/GaP system, 
however, covalent radii* are fairly similar between substituting elements (rz„ = 1.31A and r^, = 
1.26A; rg = 1.02A, and rp = 1.06A)" and the electrical neutrality can be preserved without 
creating defects when ZnS is substituted by GaP. Therefore, the solid solution formation may 
t For ZnS, hardness was measured using commercial CVD ZnS (Wilmad Glass Co., Inc., 
Buena, NJ) and for GaP, a literature value of 8.28 GPa^'was used. 
X Covalent radii were used since the tetrahedrally coordinated structures in II-VI and III-V 
compounds tend to be more covalent than ionic in character.^' 
SEM images of microstructures of densified composites with 
GaP contents (A) 4.2 wt.%, (B) 8.5 wt.%, (C) 13.7 wt.%, and 
(D) 21.0 wt.% GaP. 
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SEM images of microstnictures of densified composites with 
GaP contents (A) 4.2 wt.%, (B) 8.5 wt.%, (C) 13.7 wt.%, and 
(D) 21.0 wt.% GaP. 
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Table III. Vicker's hardness, Young's modulus and fracture toughness of composites 
GaP content Relative Young's Hardness Fracture Toughness 
(weight %) Density (%) Modulus (GPa) (GPa) (MPam"^) 
0.0 99.5 79 1.41 (0.07) 0.57 (0;09) 
4.2 98.1 75 1.71 (0.11) 
8.5 98.5 80 2.42(0.07) 0.73 (0.12) 
13.7 98.6 72 2.82(0.07) 0.76(0.08) 
21.0 98.8 91 2.68(0.09) 0.89(0.09) 
Figure 8. Variation in hardness and fracture toughness values of densified composites with GaP contents. 
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not play as significant role in hardness increase in this system. However, this effect can not be 
ruled out completely considering that ZnS does have slight ionic character, which may 
increase the size difference = 0.74 A and rgj- = 1.70 A)." The hardness increase in our 
case may be simply due to the incorporation of harder material (GaP) into softer one (ZnS). 
This appears to be explain the agreement of the experimental results with the rule of mixture. 
For the compositions between 8-14 volume %, the hardness is somewhat higher than is 
expected from the rule of mixture. This further increase in hardness may be explained by 
closer examination of the SEM micrographs. The composite with 4.2% GaP exhibited a 
microstructure which consisted of grains with a few micrometers in size as shovm in Figure 
7-a. At the highest GaP content (Figure 7-d), inhomogeneity in microstructure was apparent, 
where micron size grains were mixed with with nano-structured grains. Micro-grains appeared 
to be fairly intact against the etchant (HCl vapor), while nano-structured grains were eroded 
noticeably. Examinations using EDS indicated that heavily eroded regions were ZriS-rich 
while the micro-grains were rich in GaP. Vapors of HCl, used for chemical etching, attacks 
ZnS much easier than GaP, which appears to be the reason for the apparent roughness of the 
surface of the ZnS-rich grains. On the other hand, the composites v«th 8.4% and 13.6% GaP 
exhibited uniform and fine microstructures. Figure 7-b and c. According to the classification 
by Niihara et al.^°, these microstructures represent intra-type nanocomposite in which 
nano-size dispersoids are embedded within a micro-grain matrix. The intra-dispersoids may 
pin the movement of dislocations thus improving hardness, which may explain the additional 
hardness increase. It is also possible that the fine grain size is responsible for the hardness 
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increase since the motion of a dislocation can be disturbed by the grain boundaries. 
As indicated by the grain pullouts caused by polishing in Figure 7-a, the composite with 
4.2% GaP exhibited very weak grain boundary strength. This, in turn, prohibited formation of 
straight cracks for toughness measurement. At higher GaP contents, fracture toughness 
increased linearly with the concentration of GaP. A plausible mechanism for the toughening in 
this system is such that the cracks may be deflected by the aforementioned intra-dispersoids. 
Although we have improved some mechanical properties, it is still far from satisfactory. 
In addition, the relative densities obtained so far (>98%), though respectable, are not 
sufficient fo optical applications. Nevertheless, the simplicity of composite powder synthesis 
makes this approach very attractive. It may be possible to achieve further improvement by 
selecting a better reinforcing material and tuning the processing parameters. 
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CONCLUSION 
Nanocrystalline zinc sulfide powder was impregnated with GaP by chemical vapor 
transport using iodine. Thermodynamic calculations were performed to predict the optimum 
set of experimental conditions, which led us to choose the iodine concentration of 2 mg/cm^ 
the temperature of hot chamber at 945°C, and cold chamber at 700°C. Under these conditions, 
the transport rate calculated from Pick's law was 0.055 g/hr. which agreed fairly well with the 
obeserved average transport rate of 0.089 g/hr. 
From XRD investigation, the powders were identified to be multiphased and consisted 
mainly of a solid solution with small amounts of ZnS and GaP. Hot isostatic pressing of these 
powders yielded the compacts with densities over 98% of theoretical at 900''C under 207 
MPa. Densified compacts showed increases in both Vicker's hardness and fracture toughness. 
Although the solid solution strengthening mechanism can not be ruled out completely, the 
hardness increase appeared to be manily due to the presence of a harder phase, GaP. SEM 
micrographs of the densified compacts revealed the presence of nano-size dispersoids, which 
may deflect the crack propagation and thus increase fracture toughness. 
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ABSTRACT 
Dense nanocomposite ceramics ofZnS/GaP were fabricated by hot isostatic pressing. 
The starting nanocomposite powders were previously synthesized by a novel chemical 
approach. After densification, relative densities greater than 95% were achieved and 
nanociystallinity was retained. Ultra-fine microstructure with average grain size ranging 16-31 
nm afforded significant increase in hardness, as high as -100%, compared to pure ZnS. [Key 
words; zinc sulfide, gallium phosphide, hot isostatic pressing, nanocomposite, mechanical 
properties] 
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INTRODUCTION 
Polycrystalline zinc sulfide is currently used for infrared windows and domes in the 
wavelength range of 8-12 |ini. The long wavelength cutoff is closely related to the interaction 
between the electromagnetic radiation and the chemical bonding between atoms, i.e. weaker 
chemical bonding gives rise to longer wavelength cutoff. This implies that a material with a 
long wavelength capability may possess poor mechanical strength. For this reason, ZnS 
exhibits poor mechanical properties. The goal in most of the ceramic processing research is to 
identify the most feasible route which can produce the ceramic components with an optimum 
combination of material properties. To achieve this, one may search for a suitable 
replacement, improve the properties by tailoring the microstructure, or fabricate a composite 
material by incorporating reinforcing phases such as particulates, whiskers, and fibers. As an 
example for the first approach, calcium lanthanum sulfide (CLS) has been recognized as an 
attractive substitute for ZnS because it shows better mechanical properties.' - ^ However, CLS 
lacks thermal shock resistance due to high thermal expansion coefficient and low thermal 
conductivity.^ Spherical, monodisperse, submicrometer-size zinc sulfide powders were 
prepared by a homogeneous precipitation technique."* After hot pressing these powders, a 
dense, uniform, submicrometer-size microstructure was obtained.' Also a significant 
improvement of fracture toughness in ZnS/diamond composite materials was reported.® 
Recently we have studied ZnS/GaP composite materials prepared by chemical vapor transport 
using iodine as a transport medium and observed improvement in some mechanical 
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properties/ Hardness increased to 2.82 GPa (13.7 weight % GaP) and fracture toughness 
increased to 0.9 MP-am"^ (21.0 weight % GaP).^ Although all these approaches yielded 
promising results, there still is much room for improvement. 
Transmission electron micrographs and line broadening in X-ray diffraction patterns of 
the aforementioned ZnS powders showed that the individual particles were porous 
agglomerates of 8 nm crystallites. ® From this observation, an alternative approach to improve 
the mechanical properties of zinc sulfide was proposed.® Nanocomposite powders were 
prepared by impregnating zinc sulfide powders with gallium phosphide by utilizing liquids that 
contain gallium and phosphorus. A substantial grain growth inhibition in the ZnS/GaP 
nanocomposite powders was observed; pure ZnS powders completely lost their original 
morphology at 700°C while the composite powders retained nanocrystallinity (~86 nm) and 
the initial particle shapes up to QOO'C after 24 hours. Gallium phosphide was chosen as a 
reinforcing material due to its lattice match with zinc sulfide and its higher impact resistance.'" 
Nanocrystalline powders are known to exhibit extremely high sinterability, which makes it 
difficult to achieve densities higher than 95% of the theoretical while maintaining 
nanocrystallinity (< 100 nm)." '^ Our ZnS/GaP nanocomposite powders, however, show a 
potential to overcome this difficulty. Nanocrystalline microstructures have received a great 
deal of attention recently primarily due to unusual properties these materials exhibit. Among 
those, improvement in mechanical properties has drawn much attention.'^' " This is the 
f. See Table I for the values of hardness and fracture toughness of pure ZnS. 
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motivation of our current study. 
Celikkaya and Akinc previously studied hot pressing of the homogeneously precipitated 
ZnS powders having a ciystallite size of ~8 nm.' Dense ZnS parts with near theoretical 
densities (>99%) were obtained at 900''C under a pressure of 105 MPa. The average grain size 
was estimated to be 0.50 ~ 0.75 |im. Under similar conditions, ZnS/GaP nanocomposite 
powders are unlikely to undergo significant grain growth and thus expected to result in an 
ultra fine microstructure. In this investigation, we report the fabrication of the dense ZnS/GaP 
nanocrystalline ceramics with average grain size well below 100 nm by hot isostatic pressing 
using nanocomposite powders prepared via novel chemical means'. The concept of 
nanocomposite processing adopted in this study is depicted in Figure 1. 
Schematic illustration of nanocomposite synthesis. 
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EXPERIMENTAL PROCEDURE 
(1) ZnS/GaP Nanocomposite Powder Synthesis 
Zinc sulfide powders with spherical, submicrometer-size morphology were 
homogeneously precipitated fi-om acidic zinc nitrate solution by thermal decomposition of 
thioacetamide; a detailed description of the procedure is given elsewhere." Composite 
powders were prepared by impregnation of a phosphinogallane solution into ZnS powders 
followed by flash pyrolysis as described in our earlier article.® Composites with various GaP 
contents (0.5-3.2 volume %) were studied. The tert-butyl phosphinogallane compound, 
(/-Bu)2Ga-P(/-Bu)2, used in this study was synthesized by the 1:1 reaction of (/-Bu)2GaCl and 
LiP(/-Bu)2 
(2) Densification of Nanocomposite Powders 
The composite powders were sieved through a 200-mesh nylon screen to break 
large agglomerates which might result in nonuniform microstructure. These powders were 
then compacted into pellets by dry pressing uniaxially in a 0.9S cm diameter stainless steel die 
with a pressure of 22 MPa. The pellets were further compacted to 172-207 MPa by cold 
isostatic pressing. Densities of the green pellets were determined from geometric 
measurements. 
The pellets were spray coated with boron nitride to a minimum thickness of 0.1 mm. The 
resulting pellets were inserted in Pyrex glass ampoules and degassed at S00°C under vacuum 
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for 30 minutes. The ampoules were then sealed and hot isostatically pressed at 880°~ 900°C 
under pressures of207-276 MPa for 30-60 minutes.^ The densified pellets were recovered 
by grinding away the Pyrex glass and the BN coating. 
(3) Characterization 
The bulk densities of the hot isostatically pressed specimens were measured by liquid 
immersion technique. Polished and fractured surfaces were examined by TEM (CM30, 
Phillips; Eindhoven, Netherlands) and SEM (JSM 6100, JEOL, Ltd.; Tokyo, Japan). X-ray 
diffraction was performed to evaluate the crystal structures and the average crystal sizes 
(Scintag XDS-2000, Scintag, Inc.; San Jose, CA). Longitudinal and shear velocities were 
measured to obtain Young's modulii. Room-temperature Vicker's hardness and fracture 
toughness were evaluated by indentation technique'^ using 1.0 kg and 0.5 kg loads for 15 
seconds (Leco M-400 Microhardness Tester, Leco Corp.; St. Joseph, MI). At least 10 
indentation measurements were performed for each load. Each sample was polished to a 
surface finish of 0.05 jim using alumina paste prior to test. 
f. Carried out at American Isostatic Press, Inc., Columbus, OH. 
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RESULTS AND DISCUSSION 
(1) Powders and Green Compacts 
The spherical particles of ZnS used in this study were fairly uniform in size with a mean 
diameter of-0.4 |im. The SEM images of the as-precipitated pure ZnS powder and the 
as-prepared nanocomposite powder with 3.0 volume % GaP are shown in Figure 2. These 
powders consist of agglomerates of sphalerite crystals with an average crystallite size of 8-12 
nm as determined from X-ray line broadening. Detailed characterizations of these powders 
are given elsewhere.® ® 
The relative densities of the cold isostatically pressed pellets gave an average value of 
50.6% (standard deviation : 2.0%) as determined by geometric measurements. These densities 
are typical for dry pressed monosize ceramic powders. Although it is possible to achieve much 
higher green densities by the random packing of powder with a wide particle size distribution, 
it is believed that the monosize powder assemblies may densify uniformly and thus result in 
uniform sintered microstructures. 
(2) Characterization of As-Densified Nanocomposites 
Following hot isostatic pressing, all samples showed relative densities greater than 95% 
with an average value of 96.3% (standard deviation: 1.6%) as determined by the liquid 
immersion technique. Figure 3 shows the scanning electron micrograph of fractured surface of 
SEM images of (A) as- precipitated pure ZnS powder and (B) 
as-prepared ZnS/GaP composite powder with 3 .0 wt.% GaP. 
Z Z l  
Scanning electron fractograph of ZnS/GaP nanocomposite with 
3.0 wt.% GaP hot isostatically pressed at 880°C at 276 MPa 
for 30 minutes. 
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the nanocomposite with 3.0 weight % GaP and 96.8% of the theoretical density. A closer 
examination reveals that the microstructure is extremely fine and uniform, where most of the 
microstructural features are nano-sized. This nanocrystalline microstructure can be observed 
more clearly from TEM image as shown in Figure 4. It is fairly obvious that the 
microstructure consists of nanocrystalline grains much smaller than 100 nm. To the best of our 
knowledge, this is the finest microstructure with such a high density reported to date. The 
average grain size was estimated to be 34 nm by the comparison procedure using the average 
intercept distance as described in ASTM." This value, however, is considered to be an 
overestimate since there are many grains with ill-defined grain boundaries which may have 
been omitted when counting the number of grains intersected by a given length of a straight 
line. From the v^dths at half maxima of the X-ray diffraction peaks, the average grain size was 
estimated by the Scherrer formula." The estimated average grain size of the same specimen, 
as shown in Figure 3, was 20 nm (±6%). This is in a good agreement with the value of 34 nm 
considering that the interception method tends to overestimate the grain size. Conversely, it is 
generally agreed that the X-ray line broadening method underestimates the grain size as it 
emphasizes the small ciystallites. We decided to use the X-ray line broadening method 
throughout to determine the average grain sizes because it is easier, statistically more sound, 
and relatively fi'ee of human error compared to the intercept method. The average grain size 
gradually decreased with an increasing GaP content; 30 nm (±9%), 31 nm (±8%), 24 nm 
(±7%), 22 nm (±8%), and 16 nm (±11%) for 0.51, 0.64, 1.2, 3.0, and 3.2 weight % GaP, 
respectively (Table I). It is apparent that by introducing GaP into ZnS nanocrystalline matrix. 
TEM bright field image of ZnS/GaP nanocomposite with 3.0 
wt.% GaP hot isostatically pressed at 880°C at 276 MPa for 30 
minutes. 
L Z l  
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grain growth is significantly suppressed. Thus the densities beyond 95% of theoretical can be 
achieved and still retain uniform nanoscale microstructures. Plausible explanations for this 
grain growth inhibition phenomenon were given in our previous paper.® 
(3) Room-Temperature Mechanical Properties 
The room-temperature values for hardness, Young's modulus, and indentation fracture 
toughness are listed in Table I. The data for pure ZnS and GaP are also included for 
comparison. It should be mentioned that the homogeneously precipitated ZnS powder is not 
suitable for hot isostatic pressing. All the pure ZnS pellets were shattered into pieces which 
were too small for characterization. Also it was observed that small bubbles were trapped 
within the Pyrex glass in the vicinity of the pellets. This may be explained in the light of our 
previous in-situ heat treating experiment using a TEM equipped with a hot stage.^" A fluidal 
movement was observed within the core of the pure ZnS particles at 900°C in minutes, while 
the ZnS/GaP nanocomposite powder did not exhibit any noticeable changes up to 1 hour. This 
appeared to suggest that the pure ZnS nanocrystallites may be volatile or they may contain 
some volatile species under the conditions of hot isostatic pressing. Therefore, hot pressed 
ZnS was used for the comparison, instead. It can be seen that as GaP content increases the 
Vicker's hardness value increases, which is accompanied by a corresponding decrease in grain 
size. Figure 5 shows the hardness and the average grain size values plotted against GaP 
content. The straight line is drawn to show the calculated hardness values based on the simple 
rule of mixture (2.41 GPa for ZnS and 8.28 GPa for GaP). At about 3 weight % GaP, the 
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Table I. Room-temperature mechanical properties of 
ZnS and ZnS/GaP nanocomposite 
GaP content density E d H Kic 
(weight %) (%) (GPa) (nm) (GPa) (MPa'm"^) 
CVDZnS^ > 9 9  79 5 - 60 |im 1.38 ±0.49 _ 
HP ZnS® 99.5 78 500 2.41 ±0.23 0.57±0.09 
0.51 94.8 67 3 0  ± 3  3.40 ±0.04 0.39±0.09 
0.64 95 1 70 3 1  ± 2  3.32 ±0.04 0.48±0.05 
1.20 95.3 70 2 4  ± 2  3.63 ± 0.07 0.57±0.11 
3.00^ - - 2 3  ± 2  3.90 ±0.04 0.53±0.07 
3.00° 
- - 2 2  ± 1  3.61 ±0.06 0.51±0.18 
3.00^ 96.8 73 20 ± 1 4.23 ± 0.05 0.51±0.10 
3.20 96,9 74 1 6 ± 2  4.31 ±0.08 0.46±0.04 
GaP'' - 103 single crystal 8.28 0.80 
A. ClearTran: a commercial CVD grown ZnS disc (Wilmad Glass Co., Inc., Buena, NJ). 
B. Hot pressed ZnS using homogeneously precipitated powder, 900°C 105 MPa.^ 
C. Sample E was annealed at TOCC for 10 hours under vacuum. 
D. Sample E was annealed at TSO'C for 30 hours under vacuum. 
F. Data taken in the 100 plane.^' 
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hardness value is almost double that predicted by the rule of mixture. It is quite obvious that 
the increase in hardness is not just due to introduction of a harder phase, i.e. GaP. Figure 5 
indicates that the hardness increase is accompanied by the decrease in the grain size. The 
average grain size dropped dramatically from 500 nm (ref 3) to 30 nm by addition of only 0.5 
weight % GaP and it decreases monotonically with GaP content afterwards. 
The hardness and the indentation fracture toughness results are plotted against 1/d"^ in 
Figure 6. There was no significant change in fracture toughness v^th varying grain size. Figure 
7. shows an SEM image of typical indentation mark showing isotropic crack propagation, 
which may result from a uniform microstructure without preferred orientation or texture. It 
can also be observed that all the cracks are propagating in straight lines without being 
deflected. Crack deflection is one of the most common toughening mechanisms in ceramics 
and occurs in materials which contain anisotropically shaped or reinforcing grains. This may 
explain why the nanocomposites do not show any improvement in toughness. Anstis et a/." 
studied the effect of microstructure on crack morphology with three different alumina samples 
representing grain sizes «c, ~c, and »c (c = crack length). In a small grained sample, cracks 
propagated along grain boundaries in a staggering fashion. When the grain size is comparable 
to the crack length, the indentation method was unsuitable due to severe disruptions by the 
grains in the vicinity of the indentation mark. For a similar reason, we could not measure the 
fracture toughness of the CVD ZnS (Table I). Finally, straight cracks were observed in large 
grain alumina where the impression was contained in a single grain. Therefore, the crack 
morphology of nanocomposite in Figure 7 resembles that of the large grained material. 
Figure 5. Variation of hardness and average grain size values of as-consolidated samples with GaP contents. 
Hardness (GPa) 
Average Grain Size (nm) 
zz\ 
Figure 6. Hardness and fracture toughness of as-consolidated samples plotted as a fiinction of d 
grain size (nm) 
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SEM micrograph showing Vicker's indentation mark and crack 
propagation in ZnS/GaP nanocomposite with 3.0 wt.% GaP 
hot isostatically pressed at SSCC at 276 MPa for 30 min. 
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On the other hand, the hardness of a nanocomposite increases linearly with 1/d"^. This 
appears to imply that the hardening mechanism is analogous to the conventional Hall-Petch 
strengthening. Plastic deformation in materials at ambient temperature mainly occurs via 
dislocation generation and its movement. As grain size decreases, the chances for dislocation 
pileup or pinning at the grain boundaries increase, which is the basis for the Hall-Petch 
relationship. However, Siegel'^ argued that as the grain size decreased further into the 
nanophase regime, conventional dislocation generation and its movement become quite 
difficult because the grain size in nanostructured material is smaller not only than the critical 
bowing lengths necessary for a grain to serve as a dislocation source, but also than the typical 
spacings between dislocations in a pileup. Therefore, it appears that the hardness increase in 
nanophase material may be due to lack of an easier medium for plastic deformation, i.e. 
dislocation. If an energetically less favorable mechanism, whatever it is, is responsible for the 
hardening of the nanocomposite, we should observe a change in slopes in Figure 6 indicating 
a change in deformation mechanism. Skrovanek and Bradt observed a slope change in the 
Hall-Petch plot of alumina.This is not so obvious in our case, however, due to lack of data 
in the grain size range of40-200 nm. We attempted to increase the grain size by annealing 
nano crystalline samples at 700° and 750°C for up to 30 hours under vacuum as shown in 
Table I, but there was no significant increase in grain size. The average grain size increased 
only to 24 nm even after the heat treatment at QOOT for 10 hours. Much work remains to be 
done to identify the exact mechanism for the hardness increase of the nanocomposite material. 
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SUMMARY 
Nanocomposite powders consisting of up to 3.2 volume percent GaP as dispersed phase 
in a matrix of nanociystalline ZnS were synthesized by solution impregnation followed by 
flash pyrolysis. Nanocrystallinity of the powders was retained even after high temperature 
treatment (up to 900°C) for extended periods of time. 
Dense composites with an average grain size smaller than 30 nm were produced by hot 
isostatically pressing at ~900°C and -270 MPa. This is considered to quite significant because 
the grain size of most of the current nanophase materials with density greater than 95% 
exceeds 100 nm. We believe this ultrafine nano structure is afforded by the presence of GaP. 
From the stand point of IR window application, however, much improvement is needed since 
it requires near theoretical density (>99%). 
Hardness of the nanocomposite increased with decreasing grain size. Nanocomposites 
with 3.2 weight % GaP and 16 nm average grain size showed a hardness value of 4.3 GPa 
which is almost double the value of hot pressed pure ZnS. This was tentatively attributed to an 
alternative deformation mechanism which is energetically less favorable than the one that 
involves dislocation. Fracture toughness, however, remained relatively unchanged 
approximately at 0.5 MPa • m"^. 
Although ZnS/GaP was chosen for our study, the same strategy may be applied to other 
systems. To do this requires a nanoporous matrix and a liquid source of the reinforcing phase. 
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GENERAL CONCLUSIONS 
Preparation, characterization, and hot isostatic pressing of zinc sulfide/gallium 
phosphide composite powders were investigated. Monodisperse, spherical, submicron, 
nanoporous zinc sulfide (ZnS) powder was homogeneously precipitated by thermal 
decomposition of thioacetamide and was used as a starting material. Nanocrystallinity 
(average size = ~ 8 nm) of ZnS powder resulted in grain growth at temperatures as low as 
500°C. In situ heat treating experiments using TEM suggested that this grain growth occurred 
by fluidal movements. A plausible explanation for this phenomenon appears to be melting 
point suppression and/or vapor pressure increase due to nanocrystallinity. The latter may play 
more significant role at temperatures of interest. 
Pores of ZnS were impregnated with gallium phosphide (GaP) precursors. A solution 
of a phosphinogallane compound, (/-Bu)2GaP(^Bu)2, in diethylether was used as a liquid 
precursor which was impregnated into the ZnS powders under vacuum. The composite 
powders obtained after pyrolysis of the phosphinogallane maintained the nanocrystallinity (86 
nm) and the initial morphology of the starting powder even after heat treatment at 900°C for 
24 hours. Low volatility of GaP appeared to suppress the grain growth and a concentration as 
low as 0.5 weight %, was found to be sufficient to show this effect. 
Hot isostatic pressing experiments were conducted on the nanocomposite powders. 
Compacts with high relative densities (over 95%) and uniform ultrafine microstructures were 
obtained. The average grain size determined fi'om XRD line broadening, complemented by 
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intersection method, ranged from 16 nm to 60 nm. To the best knowledge of this author, 
these are the finest microstructures with over 95% density reported to date. This 
unprecedented result is believed to be due to the grain growth suppression by GaP 
impregnation. Hardness and fracture toughness were measured by the indentation method. 
While fracture toughness did not improve, hardness (3.3-4.3 GPa) was almost doubled by 
addition of GaP (< 3.2 weight %). Although the exact nature of hardening mechanism is not 
understood, the lack of an easy path for plastic deformation, i.e. dislocation motion, due to the 
extremely small grain size appears to be responsible for the hardness increase. 
Powders obtained by chemical vapor transport mainly consisted of a solid solution 
between ZnS and GaP. The initial spherical morphology of ZnS powder was destroyed. This 
can be attributed to the grain growth of ZnS due to the fairly high temperature at the deposit 
zone (700°C) and the possible reactions between ZnS and iodine. Hot isostatically pressed 
pellets showed densities greater than 98% of the theoretical values. In this case, improvements 
in both hardness and fracture toughness were observed. Hardness improvement (2.8 GPa 
being the highest value by adding 13.7 weight % GaP) was not as remarkable as for the 
nanocomposites synthesized by our organometallic routes. Fracture toughness, however, 
increased from 0.57 MPa-m"^ to 0.89 MPa-m"^ by adding 21.0 volume % GaP. Although solid 
solution strengthening cannot be ruled out as a possible mechanism for these improvements, 
its role is expected to be less due to the comparable sizes of the substituting atoms. Hardness 
improvement appeared to be simply due to the addition of harder phase, GaP. 
While these two approaches showed some improvements in mechanical properties. 
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they are far from satisfactory. In addition, higher densities (99%) are needed for optical 
applications. This can be achieved by increasing the hot isostatic pressing temperature and/or 
applied pressure. Nevertheless, the present work has clearly demonstrated that a knowledge of 
chemistry can be utilized to tailor microstructures and improve mechanical properties. In 
particular, the nanocomposite processing by the organometallic route reported herein is 
considered to be a pioneering approach which may find much broader applications in the 
future. 
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ABSTRACT 
Monodispersed, spherical, submicron size zinc sulfide powders were previously 
prepared in our laboratoi^ utilizing homogeneous precipitation by thermal decomposition of 
thioacetamide in acidic aqueous solutions. Electron microscopic investigations of these 
powders indicated that the individual particles were agglomerates of 8-14 nm size crystallites. 
It has been known that zinc sulfide does not sinter under ambient pressure due to the covalent 
nature of its bonding, high melting point, and relatively high vapor pressures at elevated 
temperatures. The heat treatment of these nano-crystalline zinc sulfide powders, however, 
showed some degree of sintering at temperatures as low as 600°C under vacuum. 
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INTRODUCTION 
Future infrared window materials are expected to perform in harsii environments. 
Therefore, it is essential to practice careful consideration of optical, mechanical, and thermal 
properties of the materials and part production costs in selecting a material for a certain type 
of application. Since there are many factors to be considered, compromise is necessary. While 
polycrystalline zinc sulfide is currently being used as an infrared window material in the 8-12 
|am range, especially for large size optical hardware aboard high speed aircraft, an optimum 
combination of the above mentioned properties can only be obtained v^dth fully-dense, uniform 
and fine-grained microstructures. One way of achieving these microstructures reproducibly is 
to start out with powders which are submicron, monosized and monodispersed. 
Zinc sulfide powders with these qualities were homogeneously precipitated by thermal 
decomposition of thioacetamide from acidic aqueous solutions in our laboratory It was 
found that the sulfide ion generation rate in the solution had the most important influence on 
the particle size and its distribution of the powders and a plausible explanation for the effect of 
sulfide ion generation rate on the powder morphology was offered. Under the experimental 
conditions employed, the growth of spherical particles with submicron size occurred through 
the agglomeration of nano-ciystallites of 8-14 nm in size. Celikkaya^ studied hot pressing of 
these powders at temperatures between 800° and 900°C under pressures from 7 to 105 MPa at 
various times. Zinc sulfide compacts with uniform microstructures and relative densities 
higher than 99% were obtained in 6 minutes at 900°C under 105 MPa. These conditions are 
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much milder compared to those reported earlier 
Major disadvantages of zinc sulfide are low durability, weak resistance against rain 
impact^ and a high tendency to oxidize at elevated temperatures. Some attempts have been 
made to improve these properties by applying a protective surface layer® or by forming a 
composite vvdth diamond'. Recently, an interesting approach to improve mechanical properties 
of zinc sulfide was proposed by Akinc et al'. It was suggested that nano-composite material 
could be formed by impregnating gallium phosphide into these nano-crystalline and 
nano-porous zinc sulfide powders by utilizing vapors or liquids which contain gallium and 
phosphorous. 
Our main goal is to manufacture nano-composite infrared window material that is 
infra-red transparent, fully dense, and mechanically strong utilizing zinc sulfide as a matrix and 
gallium phosphide as reinforcing phase; the investigation on this system is currently under 
way®. It was realized that knowledge of the nano-crystallites of zinc sulfide was necessary 
prior to the actual composite processing. This paper reports the results of the preliminary 
investigation on the behavior of these zinc sulfide powders upon heat treatments. 
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EXPERIMENTAL 
Materials and equipment 
Zinc sulfide powders with spherical, uniform and submicron size particles were 
precipitated fi-om an aqueous solution of nitric acid , zinc nitrate (Fisher Scientific 
International, Pittsburgh, PA) and thioacetamide (Aldrich chemical Co., Milwaukee, WI) as 
described by Celikkaya and Akinc'. These powders were carefully washed with deionized 
water and acetone prior to further processing. Characterizations of as-prepared and heat 
treated powders were carried out by using scanning (JSM 6400, JEOL Ltd., Tokyo, Japan) 
and transmission (CM30, Phillips, Inc., Eindhoven, Netherlands) microscopes and X-ray 
powder diffraction (D500 diflfractometer, SIEMENS, Madison, WI). 
Heat treatment of zinc sulfide powders and pellets 
Zinc sulfide powders were dried in a quartz tube at 200°C under vacuum for several 
hours, then the tube was sealed. Heat treatments were carried out at temperatures of 500°, 
600°, and 700°C for 20 hours. Heat treated powders were characterized with XRD, SEM and 
TEM. Heat treatment behavior of zinc sulfide powders at 600°C was studied in-situ by 
utilizing hot stage TEM. 
In order to break large agglomerates, powders were sieved through a 200-mesh nylon 
screen. Two methods were employed to prepare green compacts from these powders. First, 
approximately 20 mg of powders were dry pressed uniaxially at 500 MPa in a 0.32 cm 
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diameter double-acting stainless steel die. Another set of pellets were formed by dry pressing 
200 mg of powders uniaxially at 34 MPa in a 0.95 cm double-acting stainless steel die 
followed by isostatic pressing at 340 MPa. These green compacts were sealed in quartz 
ampoules under vacuum and sintered at temperatures ranging from 600° to 900°C for 24 
hours. Densities of the green and sintered pellets were measure by employing Archemedes 
method. Polished and fractured surfaces were examined microscopically. 
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RESULTS AND DISCUSSIONS 
Heat treated vowders 
Scanning electron micrographs of the heat treated powders are shown in Figure 1. 
As-prepared powders, as shown in Figure 1-a, were spherical agglomerates of nano-
crystallites. Coarsening of nano-ciystallites was observed at temperatures as low as SOO'C, 
and interparticular diffusion started to occur at 600°C . At 700°C (Figure 1-d), the initial 
morphology of the powders were completely lost and particles with a few micrometers in size 
were observed. In Figure 2, transmission electron micrographs of as-prepared and heat treated 
powders are shown. Average crystallite sizes measured from these micrographs were 10±3 
nm, 20±4 nm, and 43±5 nm for as-prepared powders and powders heat treated at 500°, and 
600°C, respectively. Nano-size porosity was observed in as-prepared powders, as shown in 
Figure 2-a. Powders heat treated at 500°C consisted of essentially spherical particles that 
maintained the initial particle sizes, however, the individual particles showed hollow center 
and significant grain growth within the particles. In the 600°C sample, intraparticular grain 
growth continued maintaining the hollow center. At 700°C massive single grains were 
developed as the result of sintering between particles that were in contact with each other. 
Figure 3 shows X-ray diffraction patterns of the heat treated powders. As temperature 
increased the average crystallite size increased as indicated by the decreasing line breadth of 
the x-ray diffraction peak. From the line broadening of the peaks, the average diameters of 
crystallites were calculated by using the following equation'". 
Figure 1. SEM photos of (a) as-prepared powder and powders heat treated at (b) 500°C (c) 600°C and (d) 700°C for 20 hours. 
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Figure 2. TEM photos of (a) as-prepared powder and powders heat treated at (b) SOOT (c) 600°C and (d) TOOT for 20 hours. 
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Figure 3. XRD patterns of (a) as-prepared powder and powders heat treated at (b) 500°C (c) 600°C and (d) 700°C for 20 hours. 
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This is known as the Scherrer formula where t, A,, B, and Gg are the average diameter of the 
crystallites (nm), the wavelength of X-ray (nm), the line width at half of the maximum 
intensity (radian) due to the ciystallites smaller than 100 nm, and the diffraction angle, 
respectively. From these, the average crystallite sizes were estimated to be 8.1 nm (±0.5%), 
23.5 nm (±4.5%), 41.3 nm (±13.6%), and 151.7 nm (±64.5%) for as-prepared powders, and 
the powders heat treated at 500°, 600°, and 700°C, respectively, which agreed well with 
measurements made from the TEM micrographs. 
In-situ heating experiment using STEM equipped with a hot stage confirmed these results 
and showed real-time" intraparticular grain growth and sintering between spherical particles 
that were in contact with each other. In the middle of the particles, a fluid like movement was 
observed which gradually resulted in the development of hollow centers. The exact nature of 
this movement is uncertain, but these results appear to indicate that the actual mass transport 
occurrs via highly localized melting and/or volatilization of the material at the core of the 
particles. 
Heat treatments of the zinc sulfide pellets (uniaxiallv pressed at SOOMPa) 
Due to the small size of pellets (20 mg with 0.32 cm in diameter), Archemedes method 
was considered to be unreliable to measure density. Therefore, only the scanning electron 
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micrographs were utilized to characterizing these pellets. Figure 4 shows SEM images of 
polished surfaces of green and sintered pellets of zinc sulfide. 
Apparently, the spherical agglomerates of nano-crystallites were broken into pieces since 
a fairly uniform compact was formed as shown in Figure 4-a. At 600°C, the surface of the 
pellet underwent a significant degree of grain growth and sintering resulting in a submicron 
size microstructure. As the temperature increased, grain growth became more significant, and 
large pores formed. Fractured surfaces of these pellets, however, showed somewhat different 
results. Figure 5. Although some of the spheres of the green pellets were broken into pieces as 
observed in the polished surface, most particles were only slightly deformed, maintaining their 
agglomerate structures as illustrated in Figure 5-a. Figure 5-b shows the fractured surface of 
the pellet sintered at 900°C. The apparent difference between the polished and fractured 
surfaces could be due to the fact that the applied load during uniaxial pressing was not 
transmitted through the pellet to the interior. 
Heat treatments of the zinc sulfide pellets (uniaxial vressins at 34MPa followed by 
CIPpine at 340MPa) 
Densties of the green pellets measured by Archemedes method ranged from 56.0 to 
56.7%. Densities of the sintered pellets showed a slight increase with increasing temperature ( 
from 58.4 to 59.8%). SEM photos of fractured surfaces of green and sintered pellets are 
shown in Figure 6. At eOO'C, grain growth within individual particles was dominant and some 
degree of sintering between particles was also observed. As temperature increased, sintering 
SEM photos of polished surfaces of (a) green pellet (uinaxially 
pressed at 500 MPa) and pellets sintered for 24 hours at (b) 
eOOT, (c) 700°C, (d) 800°C, and (e) 900°C 
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SEM photos of fractured surfaces of (a) green pellet (uinaxially 
pressed at 500 MPa) and (b) pellet sintered at 900°C for 
24 hours. 
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SEM photos of fratured surfaces of (a) green pellet (uinaxially 
pressed at 500 MPa and pellets sintered for 24 hours at (b) 
600°C, (c) TOOT, (d) SOOT, and (e) 900T 
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and grain growth continued, which was quite consistent with the other observations. 
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SUMMARY 
Nano-crystalline zinc sulfide powders undergo a significant degree of grain growth and 
sintering during pressureless sintering at temperatures higher than 600°C. This is quite 
uncharacteristic of zinc sulfide considering its unwillingness to undergo sintering under these 
mild conditions. We attribute this behavior to the nano-crystallinity of the powders 
precipitated using thioacetamide. One of the potential applications of this nano-crystalline 
powder is to use it as a matrix material for nano-composite processing, which is currently 
being investigated in our laboratory. 
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APPENDIX B. PHOSPHINOGALLANE SYNTHESIS 
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General procedures 
All reactions were carried out under an atmosphere of purified argon using standard 
inert-atmosphere Schlenk techniques. All the solvents were purchased fi-om Fislier Scientific 
and were distilled over Na^enzophenone under N2. Then these solvents were degassed three 
times at liquid nitrogen temperature under vacuum just before use. GaClj, HP(/-Bu)2, //-BuLi, 
and /-BuLi were purchased fi^om Aldrich Chemical Co. All the glassware were dried at 150°C 
for at least 2 hours. All the flasks used were equipped with side arms. Purities of the 
intermediate and the final products were semiquantitatively determined using 'H NMR. 
Ga(/-Bu)3 [m.w. = 126.9] 
10 g of GaClj [m.w.=176.1] was placed in a 500 mL flask. Then benzene (100 mL) 
was added and the solution was cooled to 0°C. A slight excess of /-BuLi (105 mL of 1.7M 
solution in pentane) was then slowly added over a period of 1 hour. The reaction was 
instantaneous generating a white precipitate (LiCl) upon addition. The solution turned dark 
green after the addition of 30 mL. Then the solution was warmed to room temperature and 
refluxed at 70°C for 17-18 hours. After removing LiCl using a fiitted filter, the solvents were 
evaporated under vacuum at room temperature. The product, Ga(/-Bu)3, was then purified by 
distilling under vacuum at 50°-70°C. [ yield 68% ] 
CIGa(r-Bu)2 [m.w. = 219.4] 
GaClj (3.15g) was placed in a 50 mL flask. Then Ga(/-Bu)3 (8.61 g) was slowly 
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added. The reaction was highly exothermic. This neat mixture was then evacuated to <0.05 
Torr and heated to 125°-135''C for 2 hours. The crude product was then sublimed at 110°C 
under 0.02 Torr. [yield 66%] 
LiP(r-Bu)j [in.w. = 152.2] 
To 5 g of HP(f-Bu)2 [m.w.=146.2] placed in a 250 mL flask was added 70 mL of 
diethylether and the solution was cooled to 0°C. Then, excess «-BuLi solution in hexanes 
(17.8 mL of 2.5 M) was added dropwise. The mixture was wanned to room temperature and 
stirred for 4-6 hours. After removing the solvents by evaporation under vacuum, 40 mL of 
pentane was added and the mixture was cooled to 0°C. This was to remove excess n-BuLi. 
After stirring for 30 minutes, the liquid was filtered using a fntted filter and the solid product 
was collected, [yield 71%] 
(r-Bu)2GaP(/-Bu)2 [m.w. = 329.2] 
To a mixture of 3.60 g ofLiP(/-Bu)2 and 5.19^g of ClGa(/-Bu)2 placed in a 250 mL 
flask was added 110 mL of benzene. The mixture turned yellow instantly and was stirred for 
20 hours. The solvent was removed at lOOT yielding a crude yellow oil along with the LiCl 
precipitate. The oily product was purified by distillation at 50°-70°C under vacuum instead of 
sublimation. Proton NMR showed that purity of the distilled product was comparable to that 
of the sublimed product. Using distillation instead of sublimation increased the yield noticeably 
fi-om 25% to 72%. 
